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PREFACE TO THE SECOND EDITION 


The first edition of the present volume, published 
some years back under the title “ Lectures on the Theory 
of Plane Curves,” was designed to meet the syllabus 
prescribed by the University of Caleutta for the Master’s 
Degree, and intended as an introductory course suitable 
for students of higher geometry, scarcely assuming any 
further knowledge of higher analysis on the part of the 
reader than is to be found in most of the ordinary text 
books on Calculus and Plane Analytical Geometry. Since 
then it has been suggested that the book should be so 
revised and enlarged as to include materials which would 
not only be of use to the students for the Master’s course, 
but also encourage independent thinking in students of 
higher studies engaged in research work. In the prepara- 
tion of the second edition, therefore, special care has 
been taken to incorporate recent researches as far as 
possible and to indicate references to original sources as far 
as practicable. In fact, almost all the chapters have 
been re-written and the articles re-numbered, while five 
additional sections—Chapters VII, X, XI, XII, X1II—have 
been inserted and a large number of examples given 
illustrating the subject-matter and serving as exercises for 
students. The volume contains an exposition of the general 
theory of plane algebraic curves in its various aspects 
with applications to conics, cubics, quartics, ete. 


In writing on Higher Geometry, it is always a 
problem to determine what matters to exclude, and in 
dealing with a subject, so wide in its scope, which 
attracted so many workers and has been so much 
developed in recent years, specially by the Italian 
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Geometers, it has not been possible to do full justice to all 
the important topics; in consequence, some have received 
fuller attention, while others of equal or greater importance 
have been little noticed or even omitted altogether. It 
is hoped, however, that the book will afford some 
scope for independent thinking and research, when the 
student enters upon a systematic study of plane curves. 


In the preparation of the volume, constant recourse 
has been had to the classical works of Salmon, Clebech, 
Cayley, Cremona, the works of Basset, Teixeira, Scott, 
Wieleitner, Loria and the papers of Zeuthen, Brill 
and Nöther, Castelnuovo and others, published in the 
various Journals and Periodicals. Prof. Pascal’s Reper- 
torium der hiheren Geometrie was of great use in supplying 
a number of important references. Since the publication 
of the first edition, Prof. Hilton has published his 
“Plane Algebraic Curves,” which has also been studied 
with mueh advantage. My obligations to these authors, 
greater than I can confess, are gratefully acknowledged, 
and it is impossible to record in detail my obligation to the 
great inspiring work of Salmon—Higher Plane Curves. 
I had no access to the recent work of Enriques, —Leziont 
sulla teoria geometrica delle equazioni e delle funzioni 
algebriche—2 Fois, so highly spoken of, and it is likely 
that the present volume could have been made much more 
suggestive, had I had the opportunity of consulting 
this book. 


In concluding this preface, I must take the opportunity 
of recording my indebtedness to Prof. J. L. Coolidge 
of Harvard for his very valuable suggestions for the 
improvement of the work, and to Mr. A.C. Bose, Controller 
of Examinations in the University of Calcutta, for his 
extreme kindness in giving valuable hints and suggestions. 


PREFACE 1x 


My best thanks are also due to my former pupil Mr. L. 
Murthi, M.A., who made a number of important sugges- 
tions and pointed out several printing and other errors in 
the preparation of the edition. 

With a keen sense of sorrow and gratitude, I record my 
indebtedness to the late lamented Sir Asutosh Mookerjee 
former Vice-Chancellor and President of the Post-graduate 
Councils in the University of Calcutta, whose untimely 
death has been deeply felt by all Indian workers in the 
field of mathematics, pure or applied. It was at his 
suggestion that I was induced, difficult as the task was, 
to revise the original lecture notes for the Press, and it 
was he who helped and encouraged me to bring out a 
second and revised edition, but it is a matter of profound 
regret that he was not spared to see its completion. As 
an humble token of gratitude, this volume is dedicated 
to his revered memory. 


UNIVERSITY oF CALCUTTA, 
Mareh, 1925. 
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THEORY OF PLANE CURVES 


CHAPTER I 
INTRODUCTION 


1, CO-ORDINATES : 


Homogeneous co-ordinates are most conveniently used in 
studying projective properties of plane curves. An intimate 
knowledge of the use of these co-ordinates, however, will be 
assumed on the part af the learner, though we give below 
some of the most important results for ready reference. 


There are two kinds of homogeneous co-ordinates most 
commonly in use :—(]) Trelinear Co-ordinates; (2) Areal 
Co-ordinates. The trilinear co-ordinates of a point are 
geverally denoted by a, B. y and its areal co-ordinates by 
x,y, 2. The formule * of transformation for the two systems 
are— 


da : LB Ho cy ane l 


where A is the area of the triangle of reference and a, b, c 
its sides. The identical relation satisfied by the trilinear 


co-ordinates of a point is— 


aat+bB+cy=2A (2) 


* Scott-—Modern Analytical Geometry, § 16. 
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and consequently the same relation in the Areal system 
becomes— 


e+y+2z=1 (3) 


2. Tue Specrab DINE at INFINITY: 


The equation of the line at infinity in the ‘two systems 
is 


aa+bB+cy=0 (4) 
and t+ty+2=0 respectively (5) 


It is to be noticed that these equations contradict the 
fundamental identical relations (2) and (3(. This paradox 
can be explained by the fact that the relations (2) and (3) 
are deduced on the supposition that a, B, y (or «, y, z) are all 
, finite ; but the relations do not hold when any of the varia- 
bles happens to be infinite The line represented by (4) or 
(5) is entirely at infinity, and every point on this line is at 
infinity. For, to determine the trilinear co-ordinates of a 
point on the line we have to solve the two equations— 


(aat+bB+cy=2A 
(aa+b8+cy=0, 
.t.e., to determine the values of a, B, y which satisfy— 


0. a+0. 8+0. y=2A (6) 


Equation (6) requires that one at least of the quantities 
a, B, y should be infinite, and consequently from the first of 
the two equations one other becomes infinite. Thus, it is 
seen that two of the co-ordinates of a point on the line are 
infinite, and therefore the point is at infinity. Conversely 
every point at infinity lies on this line. 


From these considerations it follows that the co-ordinates 
of a point in a plane are in general cofnected by a linear 
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relation aa+b8+cy=coustant, which, in fact, reduces to the 
inequality aa4+b8+cy3-0; but there are special points in the 
plane, whose co-ordinates satisfy the relation aa+6B8+cy=0. 
These exceptional points all lie at an infinite distance on a 
certain special line lying entirely at infinity. 


3. CARTESIAN AS A SPECIAL SYSTEM OF HOMOGENEOUS 
CO-ORDINATES : 

If the two Cartesian axes aud the line at infinity are 
taken as the sides of the fundamental triangle, the formule* 
of transformation from the homogeneous to the Cartesian 
system may be written as :— 


a=any multiple of +, 
B=any multiple of y, 
y=any convenient constant. 


Thus, if in any equation in the homogeneous system, we 
substitute a= r, B=y, y=1, the equation is transformed into 
one in the Cartesian system. Conversely, in passing from 
the Cartesian to the homogeneous system, such powers of 
z are introduced in the different terms as will make the 
equation homogeneous. The line at infinity in this case is 


z=Ove O. «+0. y+:=0, 
while in Cartesians, it is 
0. e+0. y+c=0 i.e. a constant c=0. 


Note. in analytical investigations, a certain equation is 
made homogeneous by introducing proper powers of z in the 
different terms, and finally for expressing the result in the 
original system, z is put equal to unity. 


* Scott—lec. cit., § 30. 
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4. Tancentrat*® orn Line CO-ORDINATES : 


We may imagine that all our geometrical configurations 
are drawn by means of straight lines instead of points, and 
consequently lines may as well be taken as “ primary ele- 
ments.’ Points in this case are to be regarded as secondary 
elements, obtained as intersections of lines, and an infinite 
number of lines pass through any point, just as an infinite 
number of points lie on a right line. Thus it appears that 
there is a correspondence between the two theories, the point 
theory, in which points are taken as primary elements, and 
the line theory, in which lines are taken as primary ele- 
ments, and this we shall indicate to some extent presently. 


In the line system, the position of a line is determined 
in reference to three fixed fundamental points, The ratios 
of the distances of the three fixed points from the line, 
measured in a fixed direction, are sufficient to determine the 
position of the line waequely. Thus the co-ordinates of a line 
may be defined as proportional to given multiples of the 
distances, measured in given directions, of the three 
fundamental points from the line. For simplicity, these 
distances are measured in a direction perpendicular to the 
line. Thas if p,q,r be the lengths of the perpendiculars 
drawn from the three fundamental points on to the line, then 
the co-ordinates ($, n, €) of the line are proportional to 
pigi: r 


te sig: Spig in 


& RELATION BETWEEN THE CO-ORDINATES OF A LINE AND 
THOSE OF A POINT ON IT: 


Let 


Cry, Yis z,), (eq, Yas ži) (25, Ys; #4) 


* For a fuller treatment of the subject, the reader in referred to 
Dr. Booth’s “ A Treatiae on some new Geometrical Methods,” Vol, T, 
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be the co-ordinates of the three fandamental points and the 
equation of a line be 


lemy +n: =0. 


Then the lengths of the perpendiculars drawn from the 
three points on to the line are respectively proportional* to 


le, tmy, Fanz, /e,+my,bnz, and le,+my,+22,. 
Therefore, the co-ordinates of the line are given by 


E:n: f=le, my, bar, : læ, tmy +n: : lest my, tn2y. 
i.e, h€ésle, tmy tanz, 
knæle, tmy, brz,. 


A€=le, + my, nz. 


If we eliminate /, m, n. k between these equations and 
the equation of the line, we obtain the equation of the line in 
the form— 


In this equation the co-efficients of é v, ¢ are linear 
functions of x,y,z. If these co-efficients are denoted by 
a, B, y, the equation may be written as 


a+ B+ ly=0 (1) 


* Salmon’s Conic Sections, § 61. 
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Now, the linear functions a, 8, y determine a point whose 
co-ordinates are proportional to a, B, y. Therefore, all lines 
whose co-ordinates & 7, are connected by the relation (1) 
pass through a point whose co-ordinates are a, 8, y; and 
conversely, all points whose co-ordinates satisfy the relation 
(1) lie on a line whose co-ordinates are é, n, ¢. The same 
fact is expressed by saying that fhe point (a, B, y) and the 
line (£, n. E) are unitel in position, if the relation (1) is 
satisfied. l 


6. TANGENTIAL EQUATION : 

The idea that a curve may be regarded as the envelope 
of a moving line is dne to De Beaune (1601-1652). A 
systematic treatment of envelopes was given in 1692 by 
Leibnitz. The advantage of developing the two conceptions 
side by side was first pointed out by Brianchon (1806). Tt 
was Möbius who in his Barycentric Calculus introduced a 
system of line co-ordinates. Applications of these co-ordi- 
nates to metrical properties were given by Chasles and 
Salmon. 

The point (a, B, y) may be regarded as the envelope of 
all lines whose co-ordinates satisfy the above relation and 
the equation fa+78+ly=0 represents in line co-ordinates a 
point whose trilinear co-ordinates are a, B, y; and in general 
any homogeneous equation in line co-ordinates § 7, ¢ 
represents the envelope of all lines whose point equation is 
ga+yB+ly=0 and whose co-ordinates satisfy the given 
equation, This relation is called the “ tangential equation ” 
of the envelope. Thus the tangential equation of a curve is 
the relation between È, ņ, € which expresses the condition 
that the line a+yB8+fy=0 touches the curve, * and 
f(*, y,2) =9 being the point equation of a curve, the condition 
that the line e-+-y+z=0 touches it gives a relation of the 
form $(€, 7, £)=0, which is called the line or tangential 
equation of the curve. 


* Salmon—loe. cit., §§ 151 and 285, 
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7. THE CIRCULAR POINTS AL FNFINETY : 

In § 2, it was found that the co-ordinates of a point are 
subject to the inequality aa +08+ cy#0. and there are special 
points, not conditioned by this, which he at infinity ona 
special line. Similarly, the co-ordinates of a liue satisfy the 
relation — 

E +7? +22 —2né cos A— 24 cos B—2En cos C=4A?, 
where A is the area of the fundamental triangle, whose 


angles are denoted by A. B, C, 


Let p, q, r be the perpendiculars on to the line (é, 1, {) 
drawn from the vertices of the fundamental triangle. Now 
the perpendicular ò drawn from any point (f, g, h) on to the 
line (é, y, €) is given by 


d¥ = (éf+ nyt Ch) /h, 
where 


b= Vei fy? Fi leos A E eos Ba BEY cos. 

.. The perpendicular drawn from the vertex A(2A/a,0,0) 
on the line (, y, ¢) is 

p=2 A fak ; or, apk=2Aé. 
Similarly. 
bgk=2 Aq aud crk=2AZ, 
Hence we obtain 
a? p? +b?g* +¢77? — 2hegr cos A— 2carpeos B 
—2abpq cos C=4A? (1) 


‘which gives an identical relation between the co-ordinates 


of the line (p,q, r). Again, if (£,7,¢) be the actual 
‘co-ordinates of the line 


È : q: €=ap: bq : cr. 


* Ferrers Trilinear Co-ordinates, p. 20. 
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<” The relation (1) becomes 
E? +7? +62? —wnévos A—2CE cos B—2En cos C=4A?. 
we., the co-ordinates satisfy the inequality 
E? a? i? —2f cos A~2EC cos B—2Ey cos CKO. 


But certainly there exists at least one line whose co-ordinates 
are not subject to this inequality, namely. the line at infinity 


aa+bB+cy=0, for which £: y : @=a: bre. 


Let us consider the lines whose co-ordinates satisfy the 
condition— 


Et $y? Et —L2 yl cos A—22E vos B—2€y cos C¥ =0 (1. 


This is an equation of the second degree and consequently 
all these lines constitute a system of the second class. The 
expression on the left breaks up into two linear factors and 
the envelope is therefore a pair of points.t In fact, the 
equation re luces to— 


iB -iÀ . ~iB tÀ , 
(fe +y Eie e — 0) =U, 
and consequently the envelope is a pair of points whose 
equations are— 


b 


ib 1A 


. 1B =Å , pre 
gr + ve —¢=0 and & + ye —f=0 (2) 


The special lines under consideration pass through one or 
other of these two fixed points. The factors being imaginary, 


* For a geometrical interpretation of this equation, the reader is 
referred to Professor Cayley’s Sixth Memoir upon Quantics. (Coll. 
Papers, Vol. 1], No, 158). This is a degenerate envelope and the 
name the “ Absolute” has been given to it by Prof. Cayley. 

t Salmon, luc. cit., X 286. 
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thé points they represent are conjugate imaginary points. 
The line joining them is real, whose co-ordinates are obtained 
by solving the equations (2). 





Thus, 
pee ey se 
iA —iA~ iB —iB~ i(A+B) ~i(A +B) 
e —e e —e e —e 
é \ 4 ; 
- — a aL €., n: =a: b: c, 
ue sin A sin B sin C ' ce ial : 


The line is therefore the line at infinity aa+b8+cy=0. 
The two imaginary points (usually denoted by I and J) are at. 
infinity. All lines drawn through them are imaginary. 
Through any real point P there pass two of these lines PI 
and PJ. They are called “ isotropic ” lines or cireular lines 
and their Cartesian equations are 


æ+ /—1 y+c=0 
The co-ordinates of these two points are— 


iB tA -iB jA 


(e ,e y—1) and (e .e ,—l) (3) 
The co-ordinates may also be taken as— 
Ta —l, Ji ); (err —l, e^) 
or, (—l, aa o J, (—1, ar ; ay. 


Tt is proved in treatises on conic sections that all circles 
pass through the two circular points at infinity, and it is on 
this account that they have been socalled. These points 
are then found as the intersections of the line at infinity with 
any circle—the circumcircle of the fundamental triangle, for 
example, z.e., they are given by the equations :— 


By sin A+ ya sin B+af sin ama 
asinA+ sin B+ysinC=0) 


Solving these two equations for a, 8, y, we obtain the 
co-ordinates of the two circular points I and J, 


2 
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When the fundamental triangle is equilateral. wa=b=e 
and A=B=C=60°, and the co-ordinates of I and J become 
(1, wœ. w?) and (l, w?. w), where wis one of the imaginary 
cube roots of unity. 


8. In Cartesian system the line equation of the circular 
points at infinity is €?+7°=0. For, the isotropic lines 


through any point are v+ V—Ì y+c=0: and consequently, 
any line éx+yy+¢z=0 will pass through one of these points. 
if €%+7?=0. which is the tangential or line equation 
required. 

This equation implies that every line drawn through one 
of these points is perpendicular to itself, for this is the 
condition that the line €ce¢+ny+¢z=0 is perpendicular to 
itself. The same equation further implies that the length 
of the perpendicular drawn from any point on any of the 
circular lines is always infinite.* The equivalent condition 
in trilinear co-ordinates is accordingly obtained by equating 
to nothing the denominator in the expression for the length 
of a perpendicular. 


QO. PROPERTIES OF THE CIRCULAR POINTS tT Ar INFINITY : 


The two special points at infinity play an important part. 
in the theory of curves. Prof. Cayley has discussed at some 
length their properties in his “Sixth Memoir upon 
Quantics.” We reproduce below some of the most important 
results :— 


(1) The two points in which two perpendicular liner 
meet the line at infinity form aharmonic range with the 
circular points [and J. This practically amounts to saying 
that two perpendicular lines form with the isotropic lines 
through their intersection a harmonic pencil. We are thus 


* Salmon, Conics, § 34, 

+ These were discovered by Poncelet, Traite des proprietes projective 
des figures (Paris, 1822). 

t Salmon, Conlos, § 356. 


IN PRODUCTION 1} 


led to the following definition :— Lines harmonic with respect 
to the isotropic lines through their intersection are said to be 
perpendicular. 

(2) Curves may be differentiated in respect of their 
relations to the two circular points. These beiug coujugate 
imaginary points, a real curve which passes through the 
one passes through the other also. Curves passing 
through these points possess special properties and are called 
circular curves. 


(3) The points Land J have important functious iu 
determining the foci of a curve, which we shall have occasion 
to discuss in a subsequent chapter. 


10. THE LINE AT INFINITY : 


The notion of elements lying at an infinite distance is due 
to Desargues, who considered that parallel straight lines meet 
at an infinitely distant point and parallel planes pass through 
the same straight line at an infinite distance. The same 
idea was developed by Poncelet, who discovered the two 
circular points at infinity. The points which are supposed 
to constitute the line at infinity are not of the same nature 
as those in the finite part of plane. This line is in fact 
fictitious, invented simply to secure the generality of the 
statement that any two straight lines in a plane always 
intersect. It is a line in the sense that it corresponds to a 
finite line in homographic transformations. It meets every 
other line in one and only one point. It lies at infinity only 
in the sense that it contains no finite point. It is a complete 
point representative at infinity. The statement that it lies 
at infinity indicates its character and not its position. It has 
no direction and cannot be graphically represented, 


ll. THEORY oF PROJECTION : 


The principles of projection are well explained in 
treatises on conic sections.* The modern theory of projective 


* Salmon’s Conics, Chap XVIIL. 
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geometry is only a development of the principles enunciated 
by Desargues who was the first to make use of conical 
projection. Poncelet, by his wonderful discovery of the 
circular points at infinity built up a logical system of 
geometry of conics ; but it was Pliicker who extended this 
conception and defined the foci of curves by their isotropic 
properties. 


Let p and p' be two fixed planes and O a fixed point 
outside both of tham. If A is a point in p and OA meets p' 
in A’, then A’ is called the projection of A on p’, O is called 
the vertex of projection. 


If A traces out a curve C in the plane p, and O be joined 
to all points on C by means of straight lines, the joining 
lines will generate a cone, and the plane p’ intersects this 
cone in a curve C’, which is called the projection of C on 
p', and p' is called the plane of projection. The line of 
intersection of p and p’ is called the agis of projection. 


Thus the projection of a right line is another right line. 
If a right line intersects a curve in n points, then its projec- 
tion will cut the projection of the curve in n corresponding 
points. Hence the projection of a curve of the nth degree is 
another curve of the same degree. A tangent to a curve 
projects into a tangent to the projection of the curve, and 
every singularity on the curve projects into the same 
singularity on the projected curve. The projection of a 
range of four points or lines is a range of four points 
or lines, having the same _ cross-ratio. Pole and polar 
relations and conjugate properties of lines and points 
remain unaltered by projection. 


If through the vertex O a plane is drawn parallel to p, 
cutting the plane p' in a line s’, then s’ is the projection on 
p of the line at infinity of p. Similarly, if the plane, drawn 
parallel to p’, intersects p in a line s,s is the projection of 
the line at infinity of p'. sands’ are called vanishing lines 
of the planes p and p respectively. Thus we see that any 
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line in p can be projected into the line at infinity on p’, 
while the line at infinity on p’ can be projected into any line 
in p. it follows therefore that the properties of curves 
having singularities in the finite part of the plane can be 
deduced from those of curves having the corresponding 
singularities at infinity, and vice versa, Thus, all properties 
of a curve, which do not involve magnitudes of lines or 
angles, can be generalised by projection, while metrical 
properties cannot be generalised except in very special cases. 
Any two points in a plane can be projected into the two 
circular points, and vice versa, but this can be effected by an 
imaginary projection. We postpone the further discussion 
of the theory and its application, which we shall have 
occasion to illustrate as we proceed. 


12. ANALYTICAL ASPECT OF PROJECTION : 


Let O be the vertex, and AB the axis, of projection. The 
plane through Co D 
the vertex O a 
parallel to p r 
meets p in the 
vanishing line b 
CD. Let the 
plane through IN 
O perpendicular se ee a a 
tothe axis AB meet AB and CD in A and C respectively, 
Take any point V as origin on AB. In the plane p, take VB 
and any perpendicular line as axes of z and y; and in the 
plane p', take VB and any perpendicular line as axes of w’ 
and y'. 

Let (r,y), and (’, y’) be the co-ordinates of P and P’ 
referred to these axes respectively. 


Let CP meet AB in M’. 
Then OC is parallel to P’M’. Now, OC is perpendicular 


to AB, and hence P’M’ is perpendicular to AB. Draw PM 
perpendicular to AB, and let OC =a, AC =b and AV =c, 
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P'M'_PM _MM' 











th PM’ _MM 
k oc 7 PC ~ MA 
y' z tm 
at 7 ute 
Hence. pa ee A 
y +a 
Similarly, PMMP MP 
° AC MO MPOC 
. y = y f or y= by (2) 
b y'+a “T y ba 


if the origin is taken at A, c=0, and the formulæ (1) and (2) 
become — 


— TA _ by" 
= y' +a re y +a 

Therefore these equations represent the analytical transforma- 
tion corresponding to the geometrical process of projection. 
The constants a, b, ¢ define the position of the vertex of 
projection, and consequently when a, b,c, are all real, the 
vertex is real and the projection is also real; but if any of 
these quantities become imaginary, the vertex is an 
imaginary point, and projection cannot be effected geometri- 
cally, but still the analytical process is perfectly valid. 


Ez. 1. Prove that any conic can be projected intoa circle and at 
the same time any given line to infinity. 

Ev. 2. Prove that any conic touching the vanishing liue projects 
into a parabola. 

Ev, 3. A system of conics having double contact with each other 
can be projected into a system of concentric circles. 

Ex. 4. The conics 2x? + 37° =1 and x° = 2y are projected into circles. 
Find the necessary equations of transformation. 

Ex, 5. Find a transformation by which the conics y*=4c—3 and 
nim y> — 4r +3=0 may be projected into circles, 


13. FIGURES IN PERSPECTIVE : 


A figure is said to be in perspective with another fignve 
when the lines joining the corresponding points of the two 
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figures pass through a common point O. This point is called 
the centre of perspective. 


Thus a figure when projected on to a plane or surface is 
in perspective with its projection, the vertex of projection 
being the centre of perspective. It should be noticed, however, 
that projection and figure in perspective are not the same. 
In projection we have reference to the plane of projection, etc., 
whereas in perspective the thought of the planes on which 
the corresponding figures he is absent, and the only necessary 
cundition is that the lines joining corresponding points 
should be concurrent. It follows therefore that a figure and its 
projection are in perspective, while two figures in perspective 
are not necessarily the projection one of the other. 


In § 11, suppose that p’ turns about its line of intersec- 
tion | with p, till it coincides with p. Then the two figures, 
which were originally projections of one another, are now 
in the same plane, while the lines joining corresponding 
points still pass through a fixed point, and the corresponding 
lines of the two figures intersect on the fixed line /. 
These two figures are then said to be in plane perspective, 
and the line lis called the aris of perspective. 


The figures may be regarded as plane projection of each 


other. 
14. ANALYTICAL TREATMENT OF PLANE PERSPECTIVE : 


Let O be the centre and the line AB the axis of pers- 


pective and its parallel line g 
TK as the vanishing line. 
Let any line through O meet 
TK in T and let TP meet. the 
axisin B. Through B draw 
BK parallel to OT, meeting ” 
OP in P. Then P’ is the 
projection of P. Theline OT A 
may be any line through O, 
and the same point P’ will be obtained in any case. 
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Take O as origin, OT as the axis of r, ac+by=c as the 
axis AB, ac+by=c' as the vanishing line TK. Let (r, y) be 
the co-ordinates of P and (¢’, y’) those of P’. Let X,Y be 
the current co-ordinates. 


Then, TP is the line— 


(fmf) @ 


Any line through B is 


( aX+bY—c )+(x-¢ )-¥ ( gist )=0 
a 


And since BP’ is parallel to OT, 
BP’ is the line— 


Y(ax+by—c') =y(c—c’) dea, (2) 
and OP is the line— 


(3) 


Hence, equations (2) and (3) will give by their intersection 
the co-ordinates of P’. 


Thus, 
,_ 2(c—c’) i. ylc—e’) 
zt = —— > £8 3 > —————— 
az+by—c' ar+by—c' 
and 
g= ee = y' 
az! + by’ —ec +c ax’ + by’—c+ o 


If the axis AB is to pass through O, then c=0, and the 
equations of transformation become— 


' 
£ 


t= += y= OE. Soe 
ac tby +e az'+by' +c 
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For a detailed account of the theory, the student is referred 
to Chapter X, Scott’s Modern Analytical Geometry, and 
applications will be found in subsequent Chapters of this 
book. 

Ev. 1. Apply to the curve 3w? +y? =4 the transformation in which 
the line 27+ 3y=1 goes off to infinity. 

Ex. 2, Find the transformation which will place the figures 

x? +2y?=1 and 2y?+2r=1 

in perspective p: sitions. 

Ex. 3. Apply the above transformation to the curve 


© yY 2 


15. THEORY OF INVERSION : 


If on a radius vector OP, drawn from a fixed origin O to 
a point P, a point P’ is taken such that the rectangle 
OP:-OP’ is constant=h?, then the point P’ is called the 
“inverse” of P with respect to a circle with centre O and 
radius k. It is convenient sometimes to speak of P and 
P' as inverses of each other with respect to the point O and 
the process is called ‘ inversion.” 


If P traces out a locus C, P’ also traces a corresponding 
locus C’, which is the inverse of C with respect to the point 
O. O is called the origin, and k the radius, of inversion. 


The polar equation of the inverse is obtained by putting 
k*/r for r in the equation of the original curve. 


If O is taken as the origin of a Cartesian system of 
co-ordinates and (x,y) the co-ordinates of P, then the 
co-ordinates (1’, y’) of the inverse point P' are given by— 


us a, y= Bey » 
t? +y? ry? 
Hence, if f(a, y)=0 is the equation of a curve, the che: 
tion of the inverse curve is— 


k? e hk? 
sae y ìa 
: (e z’ $y? 
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Thus, the inverse of the straight line le-++my+n=0 is 
n(c? +y?) +k? (le+my)=0, 


which is evidently a circle through the origin, but the inverse 
of the circle 


v? by? + 2ye 4+ 2fy+c=0 
becomes 
eC? ty?) +2h*(ge+fy) +h* =0, 
which is again a circle. 


If the line passes through the origin, n=0, and the inverse 
is the line itself. Ifthe circle passes threugh the origin, 
c=0, and its inverse reduces to a straight line. 


Hence we see that the inverse of a straight line is acircle, 
but if the origin lies on the line, it is its own inverse ; while 
the inverse of a circle is a circle, but when the origin lies 
on the circle, the inverse reduces to a right line. 


It follows therefore that the inverse of a system of 
parallel lines is a system of circles having the same tangent 
at the origin. 


If the line passes through one circular point, its inverse 
is a line through the other circular point. If P and P’, 
Q and Q’ are inverse points on two inverse curves, we have 
OP.OP’=0Q.0Q’, so that PP’Q’Q are concyclic, and 
consequently ZOPQ=ZOQ'P’. If now P becomes conse- 
cutive to Q, and P’ to Q’, PQ and P’Q’ become tangents at 
P and P’ on the inverse curves respectively, and they make 
supplementary angles with the radius OPP’. 


From this it may be shewn that two curves cut at the 
same angle as their inverses. 

If the point P describes a curve in space, not necessarily 
a plane curve, thep P’ is said to be the inverse of P with 
respect to a sphere with O as centre. 
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We shall have occasion in a subsequent Chapter to 
discuss more fully the general theory of inversion. 


Ex. 1. The inverso of a sphere is a sphere or a plane. 

Ex. 2. A circle is inverted into a line. Prove that this line is the 
radical axis of the circle and the circle of inversion. 

Er. 3. A system of intersecting coaxal circles can be inverted into 
concurrent straight lines. 


Ev, 4. What is the inverse of the pair of isotropic lines given by 
(—a)* +(y—b)?=0 


with respect to the origin ? 

Ex. 5. The angle between a circle and its inverse is bisected by 
the circle of inversion. 

Ev. 6. Invert two spheres, one of which hes wholly within the 


other, into concentric spheres. 


16. ReEcIPROCATION : 


Suppose a fixed conic C is given. If we find the pole P 
of any tangent p toa given curve S with regard to ©, then 
the locus of P will be a curve s, which is called the polar 
curve of S with regard to C, and C is called the auxiliary 
conic; P is said to correspond to p, consequently every 
point of s corresponds to some tangent to S. 

Now if p, p' are two tangents to S, their corresponding 
points P, P’ are points on s, and the point of intersection of 
p, p isthe pole of the line PP’, Now, when p,p are 
consecutive tangents to S, their intersection is a point of S, 
P and P’ become consecutive points on s, and the line PP’ 
becomes a tangent to s. Hence, if any tangent to S corres- 
ponds to a point on s, the point of contact of that tangent 
to S will correspond to the tangent through the point on s. 


Thus the relation between the curves is reciprocal, če., 
the curve § might be generated from s in precisely the same 
manner that s was generated from S. Hence the curves 
are called veciprocal polars, and the process is called 


(X x U 39 
recuprocatiun. 
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Analytical and other aspects of the theory will be 
discussed in a separate Chapter of this book. 


Ex. 1. The polar reciprocal of a circle with regard to another is a 
conic having the origin for focus. 


Ez, 2. A system of non-intersecting coaxal circles can be recipro- 
cated into confocal conics. 


Ex. 3. Conjugate points of one conic reciprocate into conjugate 
lines of the reciprocal, and a self-conjugate triangle reciprocates into a 
self-conjugate triangle. 


CHAPTER II 
PLANE ALGEBRAIC CURVES 
Sec. [:—General Properties. 


17. NOTION or ALGEBRAIC CURVES. 


If on the plane of the paper we drawa line of any 


c6 


form, it is called a “curve.” It is theoretically possible 
always to represent this curve, described according to certain 
laws, by means of a definite analytical equation in any 
system of co-ordinates, or at least by means of a Fourier 
Series. We propose to investigate the properties of a 
curve represented by means of an equation F(r, y)=0 in 
Cartesian co-ordinates, and in doing so, we shall have first 
to study the nature of the function F(x, y). 

In former days, functions were divided into two separate 
classes— (1l) algebraic, and (2) transcendental, and the 
curves represented by them were accoriingly divided into 
two classes ¥—“ algebraic curves ” and “transcendental curves.” 
This classification was chiefly based on the use of Cartesian 
co-ordinates and therefore does not hold when other systems 
are used. But this is of little importance compared with 
the great advantage we derive in studying the properties 
of algebraic curves in the light of the modern theory of 
functions. For functions both of whose ranges are real 
numbers, a graphical representation was devised by 
Descartes. The older Mathematicians held that a function 
Simply meant a single formula, at first usually a power of 
the variable, but afterwards it was regarded as defined by 
any analytical expression, and was extended by Euler 7 to 
include the case in which the function is given implicitly 


* Descartes— Geometrie (Leyden, 1637). 
+ Mémoires de V Acad des Sc. T.4 and 5. 
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as a formal relation between the two variables. The 
arbitrary nature of afunction given by a graph was 
recognised by Fourier. In the modern theory of functions, 
it is held that a regular function can be completely defined 
by means of a graph drawn inthe finite and continuous 
domain of the independent variable. This simply depends 
upon geometrical intuition. A curve thus drawn is 
indistinguishable by perception from a safficiently great 
number of discrete points. But a graph can only be 
regarded as an approximate representation of a function, 
and all that is really given by the graph consists of 
more or less arithmetically approximate values of the 
ordinates at those points of the c-axis at which we are 
able to measure them. 


In order that a curve may be drawn really to define 
a function, certain laws must be formulated, by means of 
which the values of the ordinates can be formally deter- 
mined at all points of the z.axis. These considerations 
led to the classification of functions in the modern theory, 
according as they possess various special properties, namely, 
continuity, differentiability, integrability, etc., throughout the 
domain of the independent variable, or, at or near special 
points in that domain. The modern theory of functions 
says that the equation F (cr, y)=0 cannot in general 
represent a curve; it can do so, if y can be expressed as a 
regular function f() of x, t.e., if f(#) is a continuous, finite 
and unlimitedly differentiable function expansible in 
Taylor’s series. It is only by the combination of these 
conditions that y=f(x) can represent a curve. 


18. REPRESENTATION OF FUNCTIONS: 


Each algebraic function is put in the following rational 
and integral form :— 


m H 


Fie, y) = => =. Qpa EY’. 


r=0 r= 
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All other functions which cannot be put into this forin are 
called “transcendental” functions. A class of functions 
of the form y= V2 is called by Leibnitz “ interscendental ” 
functions. These functions involve variables with exponents 
not commensurable with any rational number. 

Parametric representation of functions is often very useful 
in the form z=¢(ti, y=y(t), from which the implicit form 
of the function is obtained by eliminating the variable £. 


19. From the preceding articles it follows that under 
certain conditions F(r, y)=0 is the equation of an algebraic 
curve, while the curve itself is the geometric representation 
of the function Fi, y). Thus, in general, a curve of the 
nth order is defined as the geometric representation of a 
function which is of the nth degree in the variables. 
Different special names have been devised to denote curves 
of different orders; for instance, a curve of the third order 
is called a “cubic,” of the fourth order a “quartic,” and 
in general, one of the nth degree is called an n-zc. 

If the quantic Fy, y) is irreducible, i.e., if it cannot be 
broken into two or more rational and integral factors of 
lower dimensions, the curve is called a “ proper or non-degene- 
rate curve” of the nth order. Butif F(r, y) breaks up into 
two or more rational and integral factors of lower orders, 
the curve is called an “improper” or “ degenerate” curve. 
Thus, two right lines together form a degenerate conic; a 
conic and a line, or three right lines constitute a degenerate 
cubic; two conics constitute a “ degenerate quartic,” and so on. 


20. The most general equation of the nth degree in two 
variables may be written as :— 


a 
+ bet cy 
+de? tery t fy’ 
+g’ they tiy’? +jy’ 
E E A TE 
pe +qe* typ oe brey*? +sy"=0 (1) 
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The above equation will sometimes be written in the 
symbolic form 


tottu, Fu, tust... but... fu, =0 (2) 


where «u, is a constant and u, is a binary quantic (r-ïc) in 
wand y. 

The equation (2) may be made homogeneous by intro- 
ducing a third variable z, and the general equation of 
a curve of order n in homogeneous coordinates may be 
written as : 


OE ae aa oe ads SS oY a SP Sk (3) 
From these equations it is seen that the number of 
terms in w,_, is 7, and that in u, is obviously one more 


than in w,_,, and is therefore equal to 7+1. Thus the 
total number of terms in each of these equations is equal to 

142434. ........¢2+(n+1) te, tod(n+1)(n4+2). 

The number of independent constants in each of these 
equations is equal to one less than the number of terms it 
contains, for the generality of the equation remains 
unchanged, and consequently it represents the same curve, 
if we divide the whole expression bya constant. Thus, 
dividing the equation by «vo, and substituting new constants 
for the ratios of old ones to w,, the number of constants is 
reduced by one. Hence the general equation of the nth 
degree contains only {3(n+1)(n+2)—1} or i3n(n+3) 
independent constants and can therefore be made to satisfy 
the same number of conditions, and no more. 


21. NUMBER OF POINTS DETERMINING A CURVE OF ORDER 


The general equation contains u <n+3) independent 
constants and therefore the same number of conditions are 
required to determine the corefficients uniquely. Hence 
in(w+3) conditions are required to determine a curve of 
order n; for instance, the curve may be made to pass 
through 4n(n+3) given points. Thus, a curve of order x 
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is uniquely determined, if }n(n+3) points on it are given. 
The co-ordinates of each of the given points satisfy the 
equation and thus give a linear relation between the 
constants. We obtain in this way altogether in(n+3) 
equations to determine the same number of unknown 
quantities, z.e., the co-efficients. There isjonly one set of 
solutions, and the equation is uniquely determined, and 
consequently the curve also. Hence it follows that 


Through in(n+3) given points, only one curve of the nth 
degree can be described. 

Thus a conic is determined by five points, a cubic by 
nine points, a quartic by fourteen points, and so on. 


22. DEGENERATE AND NON-DEGENERATE CURVES: 


We have seen that in(n+3) points will determine 
a curve of order n uniquely; but they do not in all cases 
determine a proper or non-degenerate curve. For instance, 
five points determine a conic, but if three of them lie on a 
right line, the conic determined by them consists of two right 
lines. Nine points determine a cubic, but if three of 
them he on aright line, the cubic consists of this line and 
a conic through the remaining six points. Thus we see 
that the 3(n+3) given points do not always determine a 
non-degenerate curve of the nth degree. 


The necessary and sufficient condition that they can 
determine a non-degenerate curve uniquely is that the 
points must all be “independent,” i.e., no group of them 
should lie on a curve of order lower than they can usually 
determine. This follows from the fact that the linear relations 
which determine the co-efficients must all be independent, 
and their number must be exactly 1n(n+3), neither more nor 
less. For, if two or more of the co-efficients are connected 
by other relations, the co-efficients are not independent, but 
they satisfy identical relations. In this case some of the 
points lie on one or more other curves of lower orders and 
the curve of the nth order is not a non-degenerate curve, but 


4 
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consists of two or more curves of lower orders. If the 
number of these linear relations be less than }n(n+3), 
which is the case when one or more of them can be deduced 
from the others by algebraic operations, the co-efficients 
cannot be uniquely determined and the equation contains 
one or more indeterminate co-efficients. In thiscase an 
infinite number of curves can be described through the 
points. 


Thus we see that in general in(n+3) arbitrary given 
points determine a “non-degenerate curve,” and that 
uniquely. 


23. INTERSECTIONS oF CURVES: 


Two curves of orders m and n respectively intersect in general 
in mn points. 


Let 
Vaza, +b etc. ytd,a? +d, vyt+d,y2+...=0 (1) 
and V,=a', +0) ate ytd x? +... =0 aa (2) 


be the equations of two curves of orders m and n respec- 
tively. 

Then, at the common points of intersection of the two 
curves both the equations (1) and (2) must be simulta- 
neously satisfied. Therefore, if we eliminate either of the 
variables « or y between them, the resulting equation will 
be satisfied by the values of the other variable at the 
common points of intersection. Thus, if y be eliminated 
between (1) and (2), the resulting equation in «—the 
eliminant—will be of degree mn and will determine the 
abscisss of the points of intersection of the two curves. 


The resulting equation will have either all its roots 
real, or if there are imaginary roots, they will occur in pairs. 
Therefore if there are 2k imaginary roots, the number of real 
intersections will be mn—2k, where k is zero or a positive 
integer. 
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Thus a straight line intersects a curve of the nth degree 
in points, and when n is odd, one of these must be real. 
It is to be noted, however, that every line cannot meet an 
n-tc in n real points. 


A conic intersects an n-/c in 2n points, of which all 
may be imaginary, oran even number real. 


A cubic intersects it in 3n points, and so on. 


24, As proved above, two curves of orders m and w 
respectively will intersect in mn points; but yet mn points 
taken arbitrarily on the curve of order » will not be 
the intersections of two such curves, In fact, a certain 
number of these points being given, the rest will be 
determined. 


In this article we shall consider how many of these mx 
points can be arbitrarily chosen on the n-ic, in order 
that the remaining points may thereby be completely 
determined. 


Case I. If m<n, let 6=0 be a curve of order x. Then 
im(m+3) points taken on ¢=0 will completely determine 
‘a curve W=0, of order m, which will intersect œ in 
mn-—im(m+3) other points. 


Case II. If m>n, we may consider a curve p=¢. y'=0, 
of order m, consisting of œ and another curve y’, of order 
m—n. Then the }(m—2+1)(m—nu+2) co-efficients of wy’ 
can be so chosen that an equal number of co-efficients of 
y vanish. Consequently, y involves only 


tm(m +3) —F(m—2n + 1) (m—2n4+ 2) =mn— }(n—1)(n—2) 
constants, and therefore the same number of points will 
determine the curve y=0. 


Hence, if mu—3}(x—1)(n—2) points are given on the 
curve @, another curve y=0 of degree m drawn through 
them will intersect $ in }(m—1)(n—2) other fixed points, 


Thus, 3m(m+3) of the mn points of intersection 
can be chosen arbitrarily, when m<nan, so that 
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mu—im{m+3) points are thereby determined. If m2n, 
mn—2(n—1)(n—2) points can be assumed arbitrarily, and 
then the remaining 3(~—1)(1—2) points are determined. 
For m=a—1 or m=n—2, the two numbers mn—im(m+3) 
and 1(n—1)(n—2) are the same. 

Hence we can say that, when m>n or m=n—1 or n—~2, 
mn—}(n—l)(n—2) points can be chosen arbitrarily and the 
remaining 1(~—1)(n—2) points are thereby determined.* 


25. If m=n, the above theorem becomes—if of the n? 
points of intersection of two curves of the nth degree, 
n? —1(n—1)(n—2) i.e., in(n+3)—1 are given, the remaining 
1(n—1)(n—2) are also determined. 


Or in other words, 


All curves of the nth degree which pass through 3n(n+3)—1 
points pass also through 4(n—1)(n—2) other fired points. 


This theorem can be proved independently as follows :— 


Let 6=0 and y=0 be any two particular curves of the 
nth degree passing through łn(n+3)—l given points. 
Then the general equation of a curve of the same degree 
through these points is p +y =0, where k is any arbitrary 
parameter. The equation is evidently satisfied by $=0 and 
w=0 for all values of k, and consequently the curve passes 
through all the n? intersections of ¢ and y, whatever be the 
value of k. Hence this curve passes not only through 
3n(n+3)—1 given points, but also through the remaining 
n?—in(n+3)+1 or 4(n—1)(n—2) points of intersection 
of ¢ and yw. 


In fact, through the intersections of ¢ and y, an infinity 
of curves of the nth degree can be described, and any 
particular member will be determined by the condition that 


* This theorem also holds if the curve of the nth degree brenks up 
into two curves of the kth and n—kth degrees respectively, when the 
curve of the mth degree does not pass through all the intersections of 
the two curves—See Zeuthen—Sur la determination d'une courbe 
algebraique par des points deneés. Math. Ann. Bd. 31 (1888). 
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it passes through any other point. But if this last- 
mentioned point is one of the common points of $ and y, 
the value of k is indeterminate. Jt will be observed, 
however, that if n > 3, the above theorem is not always true. 

Ex. 1. Straight lines are drawn through each of n collinear points 
on an n-ic. Shew that these lines meet the n-ic again in points on 
an (n—1)-ie. 

Ev. 2. The tangents at four collinear points of a quartic meet the 
curve agaia in eight points on a conic. 

Ex. 3. All quartic curves drawn through 13 given points will pass 


through three other fixed points. 


Does this hold when the quartics are degenerate, each consisting of 
four right lines. 

Note. This is the so-called Parados of Cramer. Euler 
had already noticed that two curves of the nth degree 
intersect in more points than are sufficient to determine any 
of them.* Cramer t fully discussed this paradox but could 
assign no reason for this. The first notion of systems of 
curves was given by Lamé, and then Pliicker in a note to 
“Entwicklungen” (Vol. I, p. 228) gave the above theorem. 
The algebraic aspect of the question was discussed in the 
works of Jacobi, (Journal of Math., Vol, XV, 1841) 
and Pliicker (Ibid, Vol. XVI, 1842).—See Pliicker’s 
Algebraischen Curven, Einleitung; and also a Memoir by 
Prof. Cayley—Cambridge Math. Journal, Vol III, p. 211. 


26. If m>n, the theorem of § 24 may also be stated 
in the following form :—All curves of the mth degree which 
pass through nm—i(n—1)(n—2) points on a curve of order 
n(m>n), pass also through 4(n—1)(n—2) other fied points 
on this curve. 

Consider a curve of the mth degree which consists of 
the given curve of the nth degree and another of degree 


* Euler—A Memoir in the Berlin Transactions for 1748—“ On an 
apparent contradiction in the Theory of Curves. 

t Cramer—Introductiou a l’Analyse des ligues courbes algébriquse 
(1750). 
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m—n. Let @=0 be the given curve of the nth degree 
and f=0 be a curve of order m—n, determined by 
+(m—n)(m—n+3) assumed points. Now consider the 
curve Y=/.p=0. This curve passes through 


nm—4(n=l1)(n—2)+(m—n)(m—n +3) or 2m(m+3)—1 


points and therefore, by the preceding theorem, it passes 
through 3(m—1)(m—2) other fixed points. Of these latter 
points some will lie on p=0 and some on f=0; and as 
many will lie on @ as will make the total number of 
points to nm, and as many will lie on f as will make the 
total number to m(m—n). Thus 4(1.—1)(n—2) of these 
}(m—1)(m—2) fixed points must le on the curve @=0. 


Ex. 1. Every quartic curve drawn through eleven fixed points on a 
cubic passes through another fixed point on the cubic. 

This follows from the present theorem by putting m4, n=3. 
We can prove this as follows :— 

Every quartic curve through these eleven points and two other 
assumed points passes through three other fixed points. Now the 
given cubic and the line determined by the two assumed points make 
up a quartic through these thirteen points. Therefore this system 
must pass through three other fixed points, of which only one can lie 
on the cubic, for otherwise a quartic through the points would meet 
the cubic in more than 12 points. 


Ex. 2. A sextic ẹ intersects a curve of the eighth order y in 48 
points. But in order to determine y=O, 44 pointsare required. Of 
these points if 38 are given, the remaining 10 are determined. A system 
of curves ¥ through these 38 points on ẹ will pass through 10 other 
fixed points on the same. 


27. We have seen that ifacurve of order m passes 
through num—(n—1)(n—2) points on a curve of order n, 
it passes also through 3(n—1)(n—2) other fixed points 
on the same. Hence it follows that, of the }m(m-+3) points 
required to determine a curve oforder m, if more than 
nm—}(n—l)(»—2) he on a curve of order n (m>n), the 
curve cannot be a proper curve. For, suppose one more 
of the points lies on the curve of the nth degree; in that 
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case the curve of the mth degree would meet the curve of 
the nth degree not only in nm—i(n—1)(n—2)+1 points, 
but also in 4(n—1)(n—2) other points, thus making the 
total number to »m+1, which is impossible. If, however, 
the additional point be one of the 3}(n~1)(n—2) fixed 
points, the curve cannot be uniquely determined; for the 
number of independent points is now 


nm—i(n—1)(n—2) + {4on(m+3)—um +4 (n—1)(n—2)—]}, 
or, tm(m+3)—1. 


Hence we obtain the theorem — 
Of the points determining a proper curve of the mth 
degree, the greatest number which can lie on a lower curve 


of order n is nm—1(n—1)(n—2). 


28. CHAsLes’ THEOREM.* 


If a curve of the third order pass throuyh eight of the 
paints of intersection of two curves of the third order, it 
passes through the ninth point of intersection. 


This in fact is a particular case of the more general 
theorem, given in § 25. Chasles has given the following 
proof :— 

Let U=0 and V=0 be any two curves of the third 
order drawn through eight given points. The general 
equation of a curve of the third order through these eight 
points is of the form U=kV, when k is indeterminate. 
If this curve passes through a ninth point (a’, y'), we must 
have U'’=kV’, where U' and V’ are the values of U and V 
when wx’ and y’ are substituted for r and y in them. Then the 
equation of the cubic becomes UV’—U'V=0. But this equation 
is satisfied by all the nine points of intersection of the two 


curves U and V, and therefore this curve passes not only 


* Chasles—Memoires de Bruzelles, Vol. XI, p. 149, 
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through the eight of these points of intersection, but also 
through the ninth. 


Chasles has used this theorem in demonstrating Pascal's 
theorem on Hexagon, namely,—the three intersections of 
the opposite sides of any hexagon inscribed in a conic 
section are in one right line. 


Consider a hexagon inscribed in a conic section. The 
aggregate of three alternate sides may be regarded as 
forming a curve of the third order, and that of the 
remaining sides a second curve of the same order. These 
two intersect in nine points, namely, the six angular points 
of the hexagon and the three points which are the 
intersections of the pairs of opposite sides. Now the conic 
section and the line joining two of these intersections 
constitute a curve of the third order passing through eight 
of those nine points. Therefore this passes also through the 
ninth point by the present theorem, t.e., the line passes 
through the remaining point, since the third intersection can 
not lie on the conic. 


29. The following important theorem* was given by 
M. Gergonne :— 

If of the n? points of intersection of two curves of order 
n, nm lie on a curve of order m (m<n), the remaining n(n—m) 
will lie on a curve of order n—m. 

Let U=0 and V=0 be any two curves of the nth degree 
intersecting in n°? points, and let 6=0 be a curve of the 
mth degree through nm of these points. Select a curve 
y=0, of order n—m, determined by }(n—m)(n—m+3) of 
the remaining points, and consider the curve f = $. y=0 of 
the nth degree which passes through— 


nm+i(n—m)(n~—m+3) or {2n(n+3)—1+4+}(m—1 '(m—2)} 


of the points of intersection of U=Q and V=0. But this 
number is not less than in(x+3)—1. Therefore the curve 


* Annales, Vol. XVII, p. 220. 
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f passes through all the n? intersections of U and V by § 25. 
But f consists of an m-re œ, which already passes through 
mn of these n? points, and cannot therefore pass through 
any more. Consequently, the other curve Ņ of order (n—m) 
passes through the remaining n? —mn, or, n (n—m) points. 


It will be observed that f passes through the remaining 
2(n—1)(n—2)—3(m—1)(m~2) 


intersections of U and V. But these latter points cannot 
lie ond, which already meets the system of the nth degree 
curves in nm points. Hence they lie on w=0, which 
therefore passes through— 


L(n—m)(n—m-+8) -+}(n—1)(n—2)—H(m—1)(m—2) 
t.e., n (n—m) points. 


Ex. 1. If of the nine intersections of two cubics, six lie on a conic, 
the remaining three are collinear. (Put n=3, m=2,) 

Ex, 2. If of the sixteen intersections of two quartic curves, eight 
lie on a conic, the remaining eight lie on another conic, (n=4, m=2.) 

Ex. 3. Any quartic through the intersections of a conic and 
quartic meets the quartic again in eight points on a conic, (n=4, m=2). 

Ex. 4. Any quartic through the intersections of a cubic and 
quartic meets the quartic again in four collinear points. (n=4, m=3.) 

Ex. 5. If a polygon of 2n sides be inscribed in a conic, the n(n—2) 
points, where each odd side intersects the non-adjacent even sides, 
will lie on a curve of the (n—2)th degree. 

This is a particular case of the present theorem when m=2, and 
U and F are degenerate curves, each consisting of n right lines. 

The product of all the odd sides may be regarded as one system of 
the nth degree, and the product of the even sides another. These two 
systems intersect in n? points, namely, the 2n vertices of the polygon 
and the remaining n(n—2) points which are the intersections of the n 
odd sides withthe (n—2) non-adjacent even sides of each, since each 
odd side has two adjacent even sides, Now, the 2n vertices lie on 4 
conic, and therefore by the present theorem, the remaining n(x—2) 
points lie on a curve of the (7—2)th degree. 


Pascal’s theorem is a particular case of this, when »=3. 
5 
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30. Prof. Cayley has given the following general 
theorem. * of which the theorem of § 26 is a particular 
case :— 


If a curve of the rth order (r not less than m or n, not 
greater than (m+u—3) pass through 


mn—t(m+-n—r—1)(n+tn—r—2) 


of the points of intersection of two curves of the mth and nth 
orders respectively, it passes through the remaining 


4(m+n—7r—1)(m+n—1r~—2) points of intersection. 


Let U=0 and V=0 be any two curves of orders m and x 
respectively. 


Select a group of 4(r,—m)(r—m+3) arbitrary points on 
V and describe a curve ¢=0 of order (r—m) through them. 


Again, select a group of }(r—n)(r—n+3) points on U 
and describe a carve y= of order r—n through them. 


Now consider,the two curves of order r, namely, 
f=¢U=0 and f'=yV=0, 


The curve f passes through 3(*7—m)(r—m-+3) points 
on V, (r—n)(r—n 4+3) points on U, and all the inter- 
sections of U and YV, z.e., through 


{}(r—m)(v—m +3) + mn +-H(r—n)(7—2 + 8)} 
or {ie(r+3)—1)4+3(m4+n—7r—1)(m+n—r—2) points. 
Again, the curve f’ passes through the same 
{de(r+3)—1} +3(m4+n—1—1)(m4+n—7r—2) points. 
Hence, if we select a group of 
mim t(m+-n—r—1l) (m+u—7—2) 


points of intersection of U and V, then the curves f 


* Cayley—Collected Papers, Vol, J, No, 5, p. 25, 
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and f' will pass through 37(r+3)—1 points. Therefore, 
every curve of the rth degree which passes through 
these 37r(r+-3)—1 points will pass through all the intersec- 
tions of f and f’, and consequently through all the ma 
intersections of U and V. But 


mn—k(m+u—r—1)(m+-n—r—2) 


of these ma intersections he on the curve. Therefore it 
passes through the remaining }(m+n—r—1)(m+n—7r—2) 
intersections. 


Note. It will be observed that + cannot be less 
than morn, it can at the most be equal to the greater 
of mand mn. In order that the curve ¢ may be distinct 
from, and does not include as part of itself, the curve V, 
r—m must be less than n,7.e.,, r must be less than m+. 
If r=m+n—1 or m+n—2, the theorem is meaningless. 
Hence r must not be greater than m+n—3. See Bacharach, 
Math. Annalen, Vol. XXVI (1886), pp. 275-299. 


If m=n=7, we obtain the theorem of § 25. 


Ex. tł. All quartica which pass through eleven pointa of intersection 
of a cubic and a quartic also pass through the remaining intersection. 


[Put r=m=4 and n=3]. 


Ex. 2. If of the twelve intersections of a cubic and a quartic, six lie 
on a conic, the other six will also lie on another conic and the four 
points in which the two conics meet the quartic again are collinear. 


Consider the quartic consisting of the given conic and another 
determined by five of the remaining six points of intersection. This 
quartic therefore passes through eleven of the points of intersection of 
the given cubic and the quartic. Therefore it passes through the 
remaining intersection, whioh must lie on the second conic, since 
the given conic meets the cubic already in six points. Hence the 
remaining six points lie on a conic. 


Again, suppose that the first conic intersects the quartic in the 
two points A and B, and let the line AB meet the quartic in two 
other points C and D. Now consider the quartic consisting of the 
cubic and the line AB. This intersects the given quartic in 16 points. 
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But the quartic consisting of the two conics Jasses through fourteen 
of these points. Therefore it must pass through the remaining 
two points C and D. Consequently C and D lie onthe second conic. 
Hence the conics intersect the quartic in foar collinear points. 


This follows from the presen ttheorem, as a particular case, by 
putting m=4, n=3, and r=4, 

Ex. 3. A curve of the fifth degree which passes through fifteen of 
the intersections of two quartics passes also through the remaining 
intersection. 

This follows from the present theorem by patting r=5, m=n=4. 

Ex, 4. The tangents at the six intersections of a conic and a cubic 
meet the cubic again in six points on a conic. 

Ex. 5. Show that a quartic drawn through the intersections of 


two cubics meets either cubic again in three collinear points. 


Examples 3 and 4 of §29 can be deduced from the present theorem. 


Sec. IT: Theory of Residuation. 


31. We have seen, § 26, that if of the mn intersections 
of two curves of the mth and nth degrees (m >n), 


mn—i(n—1)(n—2) 


are given, the remaining 3(n—1)(n—2) are determined. 
Hence we see that the two groups of points are not 
independent, but together form the complete intersection 
of two curves of orders m and n respectively. These 
considerations led to the development of a theory of groups 
of points on a curve, the principles of which are contained 
in a paper by Noether.* The principles of the theory 
are illustrated in the following theorem :— 


If a group of n(l+m) points on a curve C, of order 
n forms the complete intersection of C, witha curve 
Crm OË order (l+m), and nl of these points form the 
complete intersection of C, with a curve C, of order l, 


* Noether—“ Ueber einen Satz aus der Theorie der Algebraischen 
Functiouen "—Math. Ann. Bd. 6, 1872, and “ Zum Beweise des Satzes, 
etc.” Math. Ann. Bd. 40, 1892, p. 140. 
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then the remaining nm points form the complete intersection 
of C, with a curve C,, of order m. 


The theorem of §29, given by M. Gergonne, is only a 
particular form of this theorem, when l+ m=n. 


Professor Sylvester * has propounded this remarkable 
theory, called the theory of residuation. We give below 
certain definitions : 


(1) The curve C, is called the baszs-curve. 


(2) Any one of the groups mz and nl points is called a 
residual of the other, and the two groups are said 
to be residual to each other. 


(3) Any two groups of points on a basis-curve which 
have the same residual group are said to be 
coresidual to each other. 


(4) If a group is the complete intersection of a curve 
with the basis curve, it is said to have a zero 
residual. 


32, In the light of these de‘initions the above theorem 
may be stated in the following for m :— 


If a group of n(l+m) points on a curve of order n has a 
zero restdual and nl of these points have also a zero residual, 
then the remaining nm points have a zero residual, 

Consider the curve ©C,,, =O i4n-.:C. + CnC =, 
l+m>n, which is of order (1+ m) and passes through the 
intersections of C, and C,. This equation is satisfied for 
all points where C,=0 and C’,C,=0. Now the curves 
C,,, and C, intersect in (/+-m) points, of which in lie on 
the curve C,. Therefore the remaining nm points lie on the 
curve C’, of order m. 


If 1-+-m=n, then we have simply to put— 


C'i n-a =C, =a constant. 


* Sylvester —Coll. Works, Vol. IIT, pp. 317 and 352. 
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The proof can be equally applied to the case when 
b+m<n. We haveto put C',4,-,=C_,=0, and Ciu 
becomes simply C’,,C,. In this case the curve C,,, cannot 
be a non-degenerate curve, but consists of two curves 
C, and C'n, of orders l and m respectively. 


If we denote the two groups of nl and nm points by 
L and M respectively and express the fact that a group 
P has a zero residual by the symbolic equation [P]=0, the 
above theorem may be stated as follows :— 

lf ([L+M]=0 and [L]=0, then also {[M]=0. 

This leads us to the supposition that the residual 
equations obey the general laws of addition and subtraction. 
In fact, the above theorem says that of the three equations 
[L+M]=0, [L]=0, [M]=0, any one can be deduced from 
the other two. Thus we obtain the following theorems on 
addition and subtraction in the residual theory. 


33. ADDITION THEOREM : 
If [L]=0 and [M]=0, then (L+M]=0. 
This, in the language of geometry, may be stated as :— 
If two curves C, and C, of orders 1 and m respectively 
intersect a curve C, of order n in the group of points nl 
and nm, then a curve C,,, of order 1+ m can be drawn to 
intersect C, in these nl-+-nm points. 


Let the groups of nl and nm points be denoted by [L] 
and [M] respectively We have to consider the three cases 


; > 
according as l+m g” 


Case I. When l+m>n, 1+m—n is a positive quantity. 
Consider the equation C,4,=C',4,-.C,+C,C,=0, 
which represents a curve of order l--m. 


This equation is satisfied when C, =0 and C,=0, and 
therefore the curve passes through the nl intersections of 
C,andC,. Similarly, the equation is satisfied when C,,=0, 
and C,=0, and therefore the curve passes through the wm 
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points of intersection of C, and C,. Hence the curve 
Cim passes through all the points of the two groups 
[L] and [M], and since the number of points in the two 
groups is n(l+m), the points of the group {L+M] are 
the complete intersection of C,,, with C.. 


Therefore we have [L+M]=0. 


Case IT. Tf l+-m=n, 1+m—n—0 and C’,,,_. is to be 
put equal to a constant, and the same argument holds. 


Case III. lfil+m<n,l+m—n is a negative quantity. 
In this case the curve C,,, cannot be a proper curve of 
degree 1+m. For C,,, intersects C, in l(l+m) points, 
and therefore this must be greater than or equal to the 
number of points in [L], z.e., ((l-+m) >nl, which is impossible. 
Thus, C;,,, cannot be a non-degenerate curve. In fact, we 
have to take C,,,=C,.C,, which therefore passes 
through all the points of the groups [L] and [M]. 


ee (Iu + M] =(, 


34, SUBTRACTION THEOREM : 


If(L+M]=0 and [L]=0, then [M]=0. 
Let C, be the basis-curve and let C,,,, and C, intersect 
the basis-curve C, in the groups of points [L+M] and 
[L] respectively. 


Let l+m >n, and consider the equation— 
CiamtC,.C', PERE G À 


This represents a curve of order l+m. The equation is 
satisfied when C,,,=0 and C, =0, and therefore denotes a 
curve passing through the group of points [L-+-M] in which 
C, intersects C,,,,. For different values of C’,,,-., this 
equation represents different curves of order l+m through 
the same group [L+M]. NowC,.C’, may be regarded 
as a system of the (1+m)th degree through the same 
points. But C, intersects C, in nl points, and therefore 
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the remaining mn points must lie on C'a, which is of degree 
m, and consequently the mn points [M] are the complete 
intersections of C’,, with C,, and ~. [M]=0. 


35. MULTIPLICATION THEOREM : 
If [L]=0, then [KL]=0, where k is a positive integer. 

Let C, be the basis curve, and let C,, a curve of order 

l, cut C, in the zero residual group of points [L], namely, 
(Li g sete da 4 |= 0: 

Consider another curve C’, contiguous to C,. This 

cuts C, in a group of points 
EELEE Fee Dire Dee a 

which is also a zero residual. 

Hence, by the addition theorem, we have 

Las Lis Dis Darsi Dais L'g4 =O 
or [L +L L,+,..0.,+0',,)=0. 
But since C, and C’, are contiguous curves, the points 
(Li, L'i), (La, L',) ete. 


are contiguous in pairs, sothat ultimately L, and L’,, etc., 
are coincident. We therefore obtain— 


[2L,, 2L,, 2L,...20,,; ]=0, or, [2L]=0. 
Repeating the same process for another series of conti- 
guous points, we obtain [3L]=0. 
Continuing in this way k times, we finally obtain 
[kL]=0, where k is any positive integer. 


Note. It is to be understood in this theorem that when 
a point is multiplied by a positive integer, consecutive 
points on the curve are taken into account. 


There is no division theorem in the theory of Residuation. 


NESIDUATION 4] 


Ee. 1. If of the nino intersections of two cubics, six lie on a conic, 
the remaining three lie on a right line. 


Let the six points which lie on the conic be denoted by [L] and 
the remaining three by [M]. 


Then (L+M]=0, and also [LJ]=0 , [MJ]=0. 


i.e., the three points [M] are the complete intersections of the 
basis cubic with another which must evidently be a right line. 


Ex. 2. If eight of the sixteen intersections of two quartics lie 
on & conic, the remaining eight lie on another conic. 


Let the eight points on the conic be denoted by [L] and 
the remaining eight by (MJ. Then (L+M]=O and also (L)~=0, 


.. [M]=0. 


i.e, the eight points [M] are the complete intersections of the 
basis quartic witha curve of degree m, such that 4m=8, and con- 
sequently m= 2, i.e., the eight points lie on a conic. 


36. If we have the two residual equations [L+N]=0 
and [M+N]=0, when L, M,N are groups of points on 
a basis curve, then we obtain by the subtraction theorem 
the formula [L~M]=0, or, [L]=[M], which signifies that 
the two groups [L] and [M] are coresidual with the 
common residual group [N]. If further [L']=[M'] with 
N’ as a common residual, then we bave 

[L+L]=[M+M']; 

for, we have [L+N]=0 and [L'+N]=0 

~ (L+L'+N+4N']=0. 
Similarly, [M+M’'+N+N']=0. 
Hence [L4L') and [M+M’] 
are coresidual with the common residual group [N+4N’ |. 
Further, we have 

(L+M’J=(L'+M]. or, [M—M']=(L—U’). 

Again, the equation [L+M—L]=[N]_ signifies the 
same fact as [L+M]=[L+N], which is the same thing 
as [M]=[N]. 

6 
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From all these it is seen that we can apply the rules 
of addition and subtraction to the residual equations. We 
give below two important theorems of frequent application 
in the theory of residuals : 


(1) If two groups [L] and [M] be coresidual, any 
system [N] which is a residual of one will be a residual of 
the other. 


For we have [M—L]=0 and (L+N]=0. 
cs [M+ N]=0. 


(2) Two groups which are coresidual to the same group 
are coresidual to each other. 


Let the groups [L] and [N] have a common residual 
[L], and let [M] and [N] have a common residual group 
(M’], so that [L] and [M] are coresidual to the same group 
[N]. Then the groups [L] and [M] are coresidual to each 
other. 

We have (1) [L+L']=0, (2) [N+L']=0, 
(3) (M+M']=0, (4) (N+M’]=0. 
From (2) and (4) we have 
(L’—M’}=0, 
and therefore from (3), 
(5) [L'+M]=0, 


ze. [L’} is residual to {M}. 
Similarly, 
(6) [M’+L]=0 
i.e. [M’] is residual to [L]. 


Now, from (1) and (5), [L] and [M] are coresidual 
with the common residual [L’}]. Similarly from (3) and 
(6), [L] and [M] are coresidual with the common residual 


[M]. 
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Cor. If two coresidual groups consist each of a single 
point, the two points coincide. 


Ex. 1. If of the 3 (m+n) intersections of a curve of the (m+n)th 
order with a cubic, 3” lie ona curve of the nth order, the remaining 
3m lie on a curve of the mth order. 

Let the two groups of 3n and 3m points be denoted by [L} and [M], 
respectively. 

Then [L+ M]=0 and [L]=0 .. [M]=0. t.e. the 3m points in [M] 
are the complete intersections of u cubic with a curve of order k, such 
that 3k=3m. .. k=m, or the curve is of order m. 

Ex. 2. The tangents at n collinear points of an n-ic meet the 
curve again in n(n—2) points lying on an (n—2)-ic. 

Ex. 3. If six of the intersections of a cubic and a quartic lie on a 
conic, the other six lie on another conic. 


37. Brivt-NOETHER’s ResipuaL THEOREM: * 


If two groups of points [L] and [L’] are coresidual with 
a common residual [M], and if [M’] is any other residual 
of [L], then [M’] is also residual to [L']; [L] and [L'] are 
consequently coresidual with respect to {M’], and to each 
residual of any of the two groups [L] and [L’]. 

Consider the four groups of points [L], [L’], [M], 
[M’] on a basis curve. Now, if 

(L+M]=0, [L’+M]=0, and [L+M’]=0, 
then we have from the first and third {M}J=[M’]. Substitu- 
ting this in the second we obtain [L’+M’]=0. 
i.e, [M’] is a residual of [L’]. 

:, [L] and [L’] are coresidual with the common residual 
group [M’]. 

This theorem has been generalised as follows :— 

If the groups {L,], [L,], [La], [L,] on a basis curve 
are coresidual with a common residual group [M], then 


they are also coresidual with respect to any other residual 
group of any one of them. 


* Brill-Néether—Uber die algebraischen Funktionen und ihre 
Anwendung in der Geomctric—Math. Ann., Vol. VII (1874), pp. 271-276. 
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38. EXTENSION OF THE RESIDUAL THEOREM: 


The direct proof of Brill-Néether’s theorem depends 
entirely on a similar identity as used in the proof of § 32, 


which is evidently a particular case C, i 
of the theorem. We can, however, j j 
represent this residual theorem by BASIS CURVE 
means of the adjoining diagram. Cm - m' 
n 
By introducing a new auxiliary 

curve OC’, we may express the y 
identity in the form : j Cy 

CmO mw = CrCl’ +C: Cr » (1) 


The orders of these curves must then satisfy the 
conditions 


mem =ntn' =1 +1 (2) 


Note. If the identity (1) holds, the theorem is proved. 
This is the case in particular, if the curves Cm, Cw, Cz, O'Y 
are “adjoints” to C,, če., if they pass (7-1) times through 
anz-ple point of C,. In the theory of groups of points on 
a curve, “ Adjoint” curves play an important part. We, 
however, postpone discussion till a later chapter. 


In the identity (1), the curve C'w may as well be taken 
as the basis curve, and it may be treated exactly as the 
curve C.. 


Since Cm, Cl, Cm’, and Cy intersect mutually iin the 
other four groups of points L,, M,, 
Mi L’, M’,, which by (1) lie on O» 
they may be represented by means 

r of the accompanying diagram, 
Therefore, we may write Néether’s 
uv, identity in the following symmetrical 





form : 


Cm Cwt Ci Cy + Cr Ca’=0. (3) 
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Thus, supposing we deal with singular curves, we recog- 

nise the completely identical nature of all the six curves on 

which he the four groups of points satisfying Brill-Ndether’s 

theorem. From this extension a number of other theorems 
on configurations of these points can be deduced.* 


We can represent the 
identity by means of a cube 
as well, shown in the dia. 
gram, if the squares in the 
preceding diagrams  ar® 
taken as its base and top: 
The eight groups of points 
will be at the corners, and 
the six curves will be taken 





as corresponding to the six 
faces. 

If we take LM, LM’ and LL, asthe axes of 7, y, and z, 
and the cube of unit edge, the faces x=0, #=1, y=0, y=1, 
2=0, z=1 will represent the curves Cm, Cm’, Cr, Cz’, 
Ci, Cw respectively. Each curve passes through the 
points lying at the four corners of the corresponding 
face. The complete intersection of any two curves consists 
of the points at the ends of the common edge of the 
adjacent faces representing the curves. Thus, the curve 
(©, passes through the points L, M, L, M,; and the 
curves C, and C,, intersect in the points L, L,, and so on. 

39. We may illustrate the above facts very clearly by 
means of the diagram given on the next page. 

Each curve is replaced by acircle and each group of 
points is denoted by a single corresponding point. 


Instead of starting with one curve as a basis curve, we 
may start with one group of points, and state the theorem in 
the following form : 


* E. Study in Marburg—“ Ueber Schnittpunktfiguren ebener algeb 
raicher Kurven,” Math, Ann. Bd, 36 (1890), pp. 216-229. 
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If three algebraic curves C,,C,,C, pass through the 
same group of points L and intersect by pairs in the 
groups L,, M' and M, then 
three other curves On’, 
Cv, Cw can be determined 
in various ways, such that 
their orders satisfy equa- 
tion (2) only, and they 
pass through the groups 
M, M’, L, respectively 
having the same residuals 
M’,, M, and L'on C,, C,, 


C, in pairs, and whose 





remaining points of inter- 
section together form a single group L’,. 


Ex.1, Three conics through the same two points I and J intersect 
in pairs in three other pairs of points. The three lines joining them 
are concurrent. 


Ex. 2. A conic meets a quartic in eight points. If another conic 
touches the quartic at four of these points, a third conic touches the 
quartic at the remaining four points. 


Ex. 3. A conic passes through four fixed points of a cubic. Show 
that the line joining the other two intersections of the conic and cubic 
meets the cubic again at a fixed point. 


Ex. 4. Through a group of points P on an n-ica cnrve is drawn 
to intersect the n-tc again in the group P,, through P, is drawn a 
curve to intersect the n-ic again in the group P., and so on. Show 
that if the final group consists of a single point, the same point will be 
obtained whatever be the curves used. 


Ex. 5, If three cubics pass through seven common points, the lines 
joining the remaining intersections of the cubice taken in pairs form 
a triangle whose vertices lie one on each of the three given cubics. 


CHAPTER IIJ 
SINGULAR POINTS on Curves. 


40. In this Chapter we shall first study the nature of 
singular points and lines of a curve and then investigate the 
methods by which these may be determined for any curve. 
For this purpose we take a radius vector drawn through the 
origin to intersect the curve and then discuss the nature of 
these intersections. 

We may prove the following theorem : 

If the origin of co-ordinates lies on the curve, the constant 
term in the general equation of a curve vanishes, and the linear 
terms equated to zera give the equation of the tangent at the 
origin. 

The general equation of a curve of the nth degree 
(§20), when transformed to polar co-ordinates by the 


substitution «=r cos 6, y=r sin 0, may be written as— 
a 
+r (b cos +c sin ð) 
+r? (dcos? 0+e cos O sin 6+f sin? 0; 
+7"(p cos" 6+ q cos") @ sin 6+...... +s sin" 6)=0 (1) 


When the origin lies on the curve, one root of equation 
(1) must be zero, which requires that a=0, whatever be 
the value of @. 

If, however, 0 be so determined that 

b cos 6+csin @=0 we CB) 
two values of r will be zero, and the line drawn through 
the origin in the direction given by (2) will meet the 
curve in two coincident points at the origin and will be a 
tangent at that point. 
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The equation of this tangent is therefore 
r(bcos 6+¢ sin 6)=0 
t.e. ber-+cy=0 (3) 


Note. If b=0, the axis of 2 isa tangent, and if c=0, 
the axis of y is a tangent. 


41. If, however, inthe general equation, a=b=c=0, 
then, whatever be the value of 0, the co-efficient of r will 
always be zero, and consequently two values of 7 will 
always be zero, and every linedrawn through the origin 
meets the curve in two coincident points at the origin. 
The origin is in this case called a double point on the curve. 


Thus, a double point on a curve is one where the curve 
cuts itself once and every line drawn throngh it has a 
contact of the first order with the curve at that point. 


If we determine 9, so as to satisfy the equation 
d cos?6+¢ cos 6 sin 6+f sin? =0 


then three values of r will be zero. The equation giving 
the values of 0 is a quadratic, and therefore gives two values 
of tan 6, Thus we see that although every line drawn 
through a double point meets the curve in two coincident 
points, there are two particular lines, corresponding to 
these two values of tan 6, which meet the curve in 
three coincident points, or have a contact of the second 
order with the curve at the origin. These two lines are the 
tangents at the double point and their equation is therefore 


r? (d cos? 6+e cos 8 sin 64+f sin? 6)=0 
te de® +f-oytfy? =0 (4) 


Hence we obtain the theorem :— 


If the origin be a double point on the curve, the terms 
of the lowest degree form a quadratic, which equated to zero 
gives the equation of the two tangents at the double point, 
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Definition: Curves possessing double points are called 
autotomic (self-cutting), and curves not possessing these 
singularities are called anautotomic (or non-singular). 


42. Points oF INFLEXION: 
If however in the equation of § 40, the value of @ deter- 
mined by 
b cos 6+c¢ sin 6=0 


makes the co-efficient of r? vanish, z.e., if the same value 
of 6 satisfies both the equations 


b cos 0+c sin 6=0 
and d cos*6+e cos Osin 6+f sin? 6=0 


the radius vector meets the curve at three points coinciding 
with the origin. The origin is called a point of inflexion 
or simply «an <dnfleacon, and the tangent is called the 
inflexional tangent. 

We may therefore define a point of inflexion on a curve 
as a point, which is not a double point, where the tangent 
has a contact of the second order with the curve. The 
tangent at sucha point is called a statvonary tangent or 
wnflertonal tangent. 


In this case it is evident that b cos 0+c¢ sin @ is a factor of 
d cos? +e sin 6 cos 6+f sin? 9, 
or, what is the same thing, 
be+cy is a factor of dx? +ery+fy? 


or, in other words, the terms of the second degree contain 
the linear terms as a factor. Hence the equation of a 
curve having the origin for a point of inflexion may be 
written as 


BFS, tuv by tug ton. +u, =0 
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We may therefore enunciate the following theorem :— 

If the terms of the first degree are a factor of the terms 
of the second degree, the tangent meets the curve in three 
points coinciding with origin and is called a tangent of three 
pointic contact. 

It is to be noticed that the curve in this case crosses the 
tangent. 


43. Pott of UNDULATION: 


If again in the same equation the co-efficient of r° 
vanishes for the same value of 6, the tangent meets the 
curve in four points coinciding with the origin, which is 
then called a point: of undulation, and the tangent has a 
four-pointic contact. 

These results are generalised in the following form :— 

If the terms of the first degree are a factor of the terms 
of the 2nd, 3rd......(r—1)th degrees, the tangent has 


r-pointic contact with the curve at the origin. The tangent 
crosses the curve or not, according as r is odd or even. 


Ex. 1. The line through two real inflexions of a cubic passes 
through a third real inflexion. 


Ex. 2. Investigate the nature of the origin on the curves 
(i) y(xtyt+1)+z2°=0 
(i) yf(z—y)*-2}=a-y 
Ex. 3. The line through three real collinear undulations of a quartic 


passes through a fourth real undulation. 


Ez. 4. The tangents at three collinear inflexions of a quartic meet 
the curve again in collinear points. 

Ez. 5. An n-ic has three tangents having n-pointic contact. The 
three points of contact are collinear, if n is odd. 

Ew, 6. In Ex, 5, if n is even, either the three points are collinear, 
or the three lines joining each to the intersection of the tangents at the 
other two are concurrent. 

Ex. 7. If in Ex.6, the tangents are concurrent, the points are 
collinear. 
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Ex. 8. The line joining two undulations of a quartic meets the 
curve again in P, Q. Show that a conic can be drawn having four- 
pointic contact with the curve at P and Q. 

Er. 9. A sextic has three-pointic contact with each of z0 and 


y=0 at two distinct points. Show that its equation is of the form 


gyu, =u’. 


44, MouLTIPLE Pornrts : 


If a=b=c=d=e=f=0 in the general equation, then 
whatever be the value of 6, the co-efficients of r and r? in 
(1) will always be zero, and the equation gives three zero 
values of r. In this case every line drawn through the 
origin meets the curve in three coinciding points at the 
origin, which is now called a triple point. There are, of 
course, three of these lines, whose directions are determined 
by putting the co-efficient of r° equal to zero, which meet 
the curve in four points coincident with the origin; and 
they are the tangents at the triple point. The third degree 
terms equated to zero give the equation of these tangents. 


In general, if the lowest terms in the equation of a 
curve be of degree k, the origin is a multiple point of order 
k on the curve. Every line drawn through this point 
has a contact of the (k—1)th order with the curve, but 
there are k of these lines which have a contact of the kth 
order, and are called the tangents at the multiple point. 


The equation of the curve in this case can be put into 
the form— 
Uk HU gy HK cvvccvecs +u, =0 


and u, ,=0 gives the k tangents at the origin. 


In case of homogeneous equations, the degree in the 
variables of the co-efficient of the highest power terms 
determines the multiple point of that order at the corres- 
ponding vertex, 


Ez. 1. Examine the nature of the origin on the curve 


(a? + y*)? =(322 y—y?). 
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Ex, 2, Sbow that the point (1,—2) is a triple point on the curve 
ot — 4g — 2x? y + dary? +y? + 2v* + 6y? +40 4+ 10y4+5=0. 
Ev. 3. Show that the curve («2+ y?)5/?=8ey (z?—y?) hasa 


multiple point of order eight at the origin. 


Ex, 4. Discuss the nature of the cuspidal tangent of the curve 
(by—cxv)* = (x—a)*, 


Ex, 5. Find the singular points on the curve 2‘ (z+b) =a*y?, 


45. INVESTIGATIONS IN TRILINEAR CO-ORDINATES: 


The general equation of the nth degree in Trilinear 
co-ordinates may be written as— 


AN: te AIA eg Bb T FU, =O (1) 


where u, is a binary quantic (r—zc) in y and z. 


If the curve passes through the vertex A of the funda- 
mental triangle, the equation (1) must he satisfied by 
y==z=0, which requires that u,=0. or the co-efficient of 
the highest power of x is zero. 


Hence, tf a curve passes through the angular pornts of the 
fundamental triangle, the co-efficrents of the nth powers of 
£, y, z are absent from the equation. 


If we wish to determine the points where the line 
“,=0 intersects the curve, we eliminate z between u,=0 
and the equation (1). The resultant equation will contain 
y? as a factor, which shows that u, =0 touches the curve 
where the side CA or y=0 cuts it. 


Hence, when the curve passes through the angular points of 
the fundamental triangle, the co-effictents of the (n—I1)th 
powers of æ, y, z equated to zero give the tangents at these 
points respectively. 

If the point A is adouble point on the curve, u,=0, 
u,=0, and u, =0 is the equation of the two tangents at the 
double point. 
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Hence, ¿f the angular points of the fundamental triangle are 
double points on the curve, the co-effictents of the (n—2)th 
powers of æ, y, z give the tangents at these points. 


In general, if the angular points are multiple points 
of the kth order, the co-efficients of all powers up to 
(n—k—1)th of x, y, z are absent, and the co-efficients of the 
(x—k)th powers equated to zero give the tangents at these 
multiple points. 


If the point A is a point of inflexion on the curve, u,=0, 
and v, is a factor of u,, and u, =0 is the inflexional tangent. 
If w, is also a factor of «,, A is a point of undulation, and 
so on. 


Ez, 1. The sides CA and CB of the triangle of reference has 
r-pointic contact at A and B with an n-ic. Show that its equation takes 


the form 
BYU yg RSW, -e 


where u, is homogeneous of degree k in 2, y, z. 


hs 


Ex, 2. Search for the singular points on the curve 23+ y%+z°=0. 


Ex, 3. Show that the point (a, 8) is a node on the curve 
a°@ + apy + B*x~=0 
where a, B are linear functions and ¢,¥, x any functions of the 
co-ordinates. 


Ex. 4. Show that (a, 8) isa point of inflexion on the curve 
ap + B°>Y=0, with a=O as the inflexional tangent, where a, 8 are linear 
and ¢, Y any functions of co-ordinates. 


Ex. 5. Given the equation of a curve in the form 
Au* + 2Buv +Cv? =0 
where u,v, A, B,C are any functions of the co-ordinates. Show 
that the common points of w and v are double points on the curve. 


If u and v are linear, show that A’u?+2B’uv+C’v?=0 represents 
the tangents at the double point (u, v}, where A’, B’,C’ are the 
values of A, B, C when u=O and v=0 are substituted in them. 


46. A multiple point of order k on a curve is a point 
through which there pass A distinct branches of the curve. 


54 THEORY OF PLANE CURVES 


Hence, a multiple point of order k may be considered as 
arising from the union of tk(k—1) double points. 


Consider the curve as consisting of k distinct branches, 
which do not all pass through a common point. Each 
point of intersection of two distinct branches is a double 
point. Therefore there are 4k(k—1) double points formed 
by the mutual crossing of the k branches. But when all the 
k branches pass through a common point, all these double 
points coincide at that point, which then becomes a 
multiple point of order k. 


The case of k right lines furnishes a simple illustration. 
The k lines mutually intersect in }k(k—1) points. These 
become coincident when all the k lines pass through 
a common point, which is clearly a multiple point of 
order k. 


It should, however, be noted here that there is a limit to 
the number of double points which can be replaced by a 
multiple point of higher order. For example, a quintic 
may have six nodes, and only three of them can be replaced 
by a triple point, and the other three cannot. For in that 
case the line joining the two triple points would meet the 
quintic in six points, which is absurd. 


Generally, if an n-7c has an (n—2)-ple point, it can have 
only double points, and that again not more than (n—2). 
47. Conpitions ror A DounLe Point: 


Let f(x ,y)=0 be the Cartesian equation of a curve of 
order n, and let the right line 





l m 


be drawn through a given point (a’,y’) to intersect the 
curve. Now, any point on this line has co-ordinates 


(ie! ly , y' dmr) 
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and if this lies on the curve, we have 
flt, y’ +mr) =0 


which, by Taylor’s Theorem, becomes— 


fy) +rafes "AS ft... 


v1 


where A=1 9. +m ei ° 


Now, if the point (:’, y’) lies on the curve, 
fle’, y)=0 


and one root of the equation (A) becomes zero. 


If, however, Z : m be so determined that 
Of Of _ 
a! +m x =0 


then the co-efficient of r vanishes, and another root of (A) 
becomes zero; t.e., the line drawn in this direction mcets 
the curve in two coincident points at (2, y'), which is 
therefore a tangent, and its equation is 


(ea) BF (yy) SF =0 
y 


which reduces to 


z ôf j z 8f = 


when the equation is made homogeneous by introducing a 
third variable z(=1). 


If, however, oF =0, S, =0 


then the co-efficient of r vanishes identically, and all lines 
drawn through the point (a’, y’) meet the curve in two 
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coincident points, and the point (x', y ) 1s theretore a double 
point on the curve. The equation of the tangents at the 
double point is given, as before, by 


(e—a)? D, +2(0— 2!) (y—y') say 





3 
+ (y—y')? ð f =0 C 
(y—y') ôy? (C) 
Thus, at a double point (x', y') on a curve, we must have 


of —O0 Of = 
5 a! and 5 0 (D) 


If the equation of the curve be given, in any homo- 
geneous system of co-ordinates, in the form 


fle ,y,2)=0 


we may find, in a like manner, that any point (2’, y’, 2’) is 
a double point on the curve, if 


Of o, Əf =o, IF 
ay By OF a 


In this case it is possible to eliminate (w’, y’, z') between 
the equations (E), and the result is obviously that the discri- 
minant of the equation f (z, y, z,)=0 vanishes. 


Hence, the condition that a curve has a double point 
is that the discriminant of its equation vanishes. The degree 
of this discriminant is 3 (n—1)? in the co-efficients of 
the equation. 


485. Sercies or Douste Ports : 


We have seen (§41) that there are two tangents to 
a curve at a double point. Now, these tangents may be 
(1) real and distinct, (2) coincident, (3) both imaginary, 
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Double points can therefore be divided into three different 
classes corresponding to these three cases :— 


Case I. When the two tangents at a double point 
are both real and distinct, there are two real branches of 
the curve passing through the point, whichis called a 
node or a crunode. 


Case II, If the two tangents at a double point be real 
but coincident, the two branches of the curve touch at that 
point, which is then called a cusp or a spinode. 


Case III, Ifthe tangents at a double point be imaginary, 
there are no real points on the curve consecutive to the 
double point, whichis then called a conjugate point or an 
acnode. 


In fact, a conjugate point is an isolated point, whose 
co-ordinates satisfy the equation of the curve, but does not 
appear to lie on it. The existence of such a point is 
geometrically manifest by showing that there are points, 
no line through which can meet the curve in more than 
(n—2) points. 


49, INVESTIGATIONS OF THE SPECIES OF DouBLE Ponts: 


We have seen §47 that if (#,' y') isa double point on 
a curve f(v, y)=0, we must have— 


f (e', y)=9, oI =0, and 2f =o 


and the equation of the tangents at (v', y') is given by 





(r—a’)? of + 2(v—2')(y—y’) Si 
+(y—y')? oA =0 (1) 
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If 0 be the angle between these two tangents, we have 


a oriy Ja De Ba 


t 0 *— 
an i x a 
ð xl? Oy 3 
Thus, the tangents will be at right angles, 
ay y a 
f + =0 
; Oa’ Oy’? 
and therefore, 
O°f 4 0°F 9 
aus Oy? 


represents a curve which cuts f(r, y)=0 in all the double 
points at which the two tangents are mutually at right 


angles. 
The tangents at the double point will be real and 
distinct, coincident or imaginary, according as 


> of ð *f 
sey ) < O27? Oy? (2) 


Thus, the point (@’, y') will be a node, a cuspt or a 
conjugate point, according as the conditions (2) are satisfied, 





provided 
f(=', y')=0, OF —0, Of =0. 
Ox 


* Salmon—Conics, §74. 


t The case of the coincidence of the tangents must be examined 
by a special method, for it is seen that in some cases the curve 
becomes imaginary in the vicinity of the point, even when the above 
condition for a cusp is satisfied. The point ought then to be regarded 
as a conjugate point. But the cusp is a distinct singularity. It 
occurs as a double point, simply because it satisfies the analytical 
conditions for such a point. We do not propose to enter into a 
detailed investigation of the species of cusps. The reader is referred 
to §§295, 296, Edward’s Differential Calculus, 
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In a lke manner, we may investigate the species of 
double points on a curve, when its equation is given in any 
system of homogeneous co-ordinates. 

Thus, the equation of the tangents at any double point 
may be obtained, in a like manner, as 





S +y’ a +2? ki + 2yz E 





ô 
aa 

>, OF soy OF _ 
Fea ror Taro 


and the double point is a node, a cusp or a conjugate point, 
according as these lines are real and distinct, coincident or 
imaginary. These may be deduced from the results in 
Cartesian system by replacing # and y by wfz and y/z 
respectively. 


Ez. 1. Examine the nature of the origin on the curves: 
(i) x? +y? =30? + y? —Qary (ii) v’y—r? +y? =0 
(iii) e(aty)=y>—y*. 
Ex. 2. Find the double points of the curves. 
(i) xt — 2y? —3y? — 2x? + 1 =0. 
(ii) Ha—-1)* + (y—3g +2)? =0. 
(iii) Œ +y? +3azy=0 (iv)z?x=y?"(y—zx). 
(v) 2(a+y +z)? —54ryz=0, 
Ez, 3. For what value of k, the curve w? + y? +z?=k(e +y +z)? 


has a double point ? 


50. From what has been said above, it follows that 
the fact that a given point isa node on a curve is equi- 
valent to three conditions, and that a given point is a cusp 
is equivalent to four conditions. 
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Hence, a curve of order n with ò given points as 

nodes and « given points as cusps requires only 
in(n+3) —38—4« 
other points to be completely determined. 

Hence, the curve is determined by in(n+3)—8—2x 
conditions only. If, however, the two tangents at a node are 
given, that amounts to two more conditions. 

Being given a triple point is equivalent to six conditions, 
and so in general, if it is given that a certain point is a 
multiple point of order k, this is equivalent to +k (4+1) 
conditions. 

If a given point is a multiple point of order k ona 
curve with the tangents at that point given, the co-efficients 
are connected by 4k(k+3) relations. 

It should be noted that these results are not universally 
true, and due caution must be taken in their applications. 


Ex. 1. Show that one n-ic in general can be drawn with a 
given node and passing through 3(n?+3n—6) other given points. 
Ex. 2. If a point is to bean inflexion on a curve, that amounts 


to three conditions. 


Ex. 3. Show that aL?+S8LM+yM?=0, where a, B, y, L, M are 
linear, is the equation of a cubic with a given node. 


D1. INTERSECTION OF CURVES AT SINGULAR POINTS: 


If a curve of the mth degree intersect a curve of the nth 
degree in a double point on the latter, then the point 
counts as ‘wo among the intersections, and consequently 
they can intersect only in mn—2 other points. Ii the 
point bea double point on both, the intersection must be 
counted as four. In general, if the point of intersection be a 
multiple point of order k on one and ¿ on the other, it counts 
as kl of the intersections. Thus we obtain the theorem * :— 

If two curves have a common multiple point with 
different tangents, the number of their intersections, coincident 


* Halphen—Bull. de la Soc, de France, Tom. I, p. 133. 
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at that point, is equal to the product of the orders of 
multiplicity of the point on each of the two curves. 


Again, if the two curves have a common tangent at 
that point, it counts as Al+1 intersections, for they have 
one other point common on the tangent. Thus if they 
have + tangents common, the point is counted as kl+r 
intersections. Thus we obtain the theorem * :— 


If the two curves have common tangents at a multiple 
point on both, the number of their intersections, coincident 
at that point, is equal to the product of the orders of multi- 
plicity of the point on each, increased by the sum of the 
orders of contacts of the branches of the curves. 


In particular, when two curves intersect at a point, 
which is a node on both, the point counts as four inter- 
sections. If further, they have the same nodal tangents, 
they have two other consecutive points common, and the 
point counts as six intersections. 


If, however, it be a double point on one and a triple 
point on the other, the point counts as six among the 
intersections of the two curves. But, if the two nodal 
tangents are also tangents atthe triple point, the curves 
have two more consecutive points common. Consequently 
this point counts as eight among the intersections. 


Ex. 1. Ifa degenerate n-ic has 4n(n—1) nodes, it consists of n 
right lines. 


Ex. 2. A curve of order n cannot have two multiple points of 
orders k, and k,, if ki +k. >n. 


Ex. 3. In general, the sum of the orders of multiple points on a 
curve cannot exceed the degree of the curve. 


* This proposition is due to Cayley, the proof of which has 
been supplied by Halphen—Memoire sur les points singuliers des 
courbes algebriques. 
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52. Limit TO tHe NUMBER or Dousie Points on A CURVE: 


We have seen that every line drawn through a double 
point on a curve intersects the curve in two coincident 
points. Hence it follows that a curve of the third order 
cannot have more than one double point; for, if it had 
two, the line joining these two double points wonld meet 
the curve in four points, which is impossible. In a like 
manner, a quartic curve cannot have more than three 
double points; for, if it had four, through these four double 
points and one other assumed point on the curve, a conic 
could be described, which would then intersect the quartic 
in nine points, which is impossible. Thus, it is seen that 
the number of double points on a curve is not infinite, 
but there is a limit to the number of such points, depending 
upon the degree of the curve. 


THEOREM: A non-degenerate curve of the nth degree cannot 
have more than }(n—1) (n—2) double points. 


Let the number of double points on a curve be N. 
Then, through these N points, and through 


{g(n—2)(n+1)—N}, or, N,—N (say) 


other ordinary points on the curve, we can describe a curve 
of the (n—2)th order, which is compJetely determined 
by N,= 3(n—2)(n+1) points. 

Now, a curve of order n—2 intersects a curve of 
order n in n(n—2) points. In the present case, each 
double point counts as two among the intersections. 
Therefore the total number of intersections of the two 
curves is 


2N+(N,—N), or, N+N,, 


which therefore cannot be greater than n (n~2) ; 


i.e. N+N, $ n(n—2) 
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or N $ n(n—2)—N,, 
$ n(n—2)—3(n—2)(n-+1), 
$ H(n—1)(n—2). 
i.e. the number of double points N cannot be greater than 
(n—1)(n—2). 


53. The Deficiency * of a curve is the number by 
which the actual number of double points on a curve falls 
short of the maximum number, which a curve of that 
degree can possess. Thus, if a curve of order n has ô 
nodes and « cusps, and p denotes its deficiency, then 


p=i(n—1)(n—2)—8b—«. 
It is to be noticed, however, that the deficiency of a 


non-degenerate curve cannot be negative. 


For, a curve of order (n—-2) can be drawn through 
the (+x) double points, and other 


}(n—2)(n-+1)—8—«, or, (n—2) +p 


ordinary points on the given curve, since an (n—2)-ve is 
determined by 3(n—2)(n+1) points. 

The (n—2)-1c intersects the given n-7c twice at each 
double point, and once at each of the (n—2)+p ordinary 
points. 


But they can intersect only in n(n—2) points, and 
consequently, in 


n(n—2)—2{4(n—1)(n—2)—p}—{(n—2) +p} =p 
other remaining ordinary points. 


* The notion of deficiency of an algebraic function waa introduced 
by Riemann—"“ Theorie der Abelschen Functionen’’ (Crelle—Bd. 654, 
pp. 115-155) and has been applied to the theory of curves by Clebsch — 
“ Ueber die Anwendung der Abelschen Functionen in der Geometrie ”— 
(Orelle, Bd. 63, pp. 189-243), and others. 
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Hence p cannot be negative for a non-degenerate 
n-tc. If the nc is degenerate, the (n—2)-:c might form 
a part of the n-zc, and the above statement fails. 


If the curve have a multiple point of order k, it is 
equivalent to 34(k—1) double points (§46), and conse- 
quently the deficiency p is given by 


p=i(n—1)(n—2)—44(k—-1) 


and in general, if the curve have 8 nodes, x cusps and other 
multiple points of orders k,, k,, k,,..., the deficiency is given by 


p=i(n—1)(n—2)—8—K— 3 M(k—1) 


where 3 extends over ali the multiple points of the curve. 
It will be seen that the deficiency in this case also cannot 
be negative. 


öd. If a curve have its maximum number of double 
points, the co-ordinates of any point on it cun be expressed 
rationally in terms of a single variable parameter. 


Assuming that there are no multiple points, the 
number of double points on the curve is +(n—1)(n—2). 
Through these double points and (n—3) other assumed 
points on the curve (altogether making up 


1(n—1)(n—2)4+(n—3) or 3(n—2)(n4+1)—1 


points) a system of curves of the (n—2)th degree can 
be described (§22)}. The equation of such a system will 
involve an arbitrary parameter, and can therefore be written 
as U=AV, where U and V are any two particular curves 
of the system. Now, if one of the variables y (say) be 
eliminated between this equation and the equation of the 
given curve, the resulting equation, determining the abscissae 
of the points of intersection of the two curves, will be of 
degree n(n—2) in x (in which A enters in the nth degree). 


But all the intersections of the two curves except 
one are known; for the double points (each counting as 
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two) give (n—1)(n—2) intersections. Thus, altogether 
(n—1)(1—2)4+u—3, or,  n(n—2)—1 


intersections are known, and only one other intersection 
remains unknown. Consequently all the roots of the above 
equation except one are known. Dividing the equation by the 
known factors, the only unknown value of æ remains deter- 
mined as a rational algebraic function of the nth degree in À. 


Unicursal curves :—A curve is said to be wnicursal or 
rational when the co-ordinates of any point on it can be 
expressed rationally and algebraically in terms of a single 
variable parameter. 


It is called rational, because the co-ordinates are expressed 
rationally in terms of a parameter. 


It is called wnicursal, in view of the fact that the curve 
can be drawn by a pencil at a stretch, never leaving the 
plane of the paper .except when passing through a 
conjugate point or passing from one end of an asymptote 
to the other. The curve in fact consists of a single circuit.” 


If the curve have multiple points of order k, we may 
replace it by 4k(k—1) double points and proceed as nsual. 


do). The converse theorem is also true, namely, if the 
co-ordinates of any point on a curve can be expressed rationally 
in terms of a variable parameter, the curve has its masimum 
number of double points, or, what is the same thing—that 
the deficiency af a unicursal curve ts zero, 


Let led my tn: = 


be the equation of a tangent to the curve detined by the 
equations— 


wf, (t) | 
y=f,(t) i 
z=f t) J 


* This is also possible for curves of deficiency other than zero, 


9 
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The » points of intersection of this line with the curve 


are given by 


if, (t) + mf, lt) + nf, (t) =0. 
If this equation has a double root, we must have also 
Uf”, (t) + mf", (t) + nf”, (t) =. 
Eliminating l, m, n, we have forthe equation of the 
tangent the determinant equation— 


E y |=0. 
ti fa fs 
fa S'a fs 


If we regard (v, y,z) as given and / variable, this 
equation determines the values of ¢ which correspond to 
the tangents that can be drawn from the point (ie, y, 2). 
The degree of this equation in? is therefore equal to the 
number of tangents which can be drawn from (r, y, z) 
to the curve. But the degree of this equation in ¢ is 
2n—2, for the co-efficient of ¢*"-! is zero. Thus the 
number of tangents which can be drawn from the point 
to the curve is only 2(n—1). But, as we shall see later, the 
number of such tangents is n(n—1). Thus the number of 
these tangents for a unicursal curve is diminished by 

n(n—1)—2(n—1) i.e., by (n—1)(n—2), 
But, this diminution is due tothe coincidence of some of 
the points of contact, for the line drawn through (£, y, z) 
which passes through a double point satisfies the condition 
fora tangent. Hence, assuming that there are only double 
points * on the curve, we conclude that this diminution is 


* These include nodes only and no cusps. The roots include the 
parameters of the points of contact of tangents and those of cusps as 
well, since at these latter points, as will be shown later, we have 
i ifi=f s|f2=f sifa. Hence, if there aure « cusps and m tangents, 

m+Kk>2n—2, 

But m will be found to beo=n(n—1)~ 23 —38x =2n—2—Kn +2p. 


©- M+e=2n—2 + Dp, Since p=0, m+Ke=2n—2, 
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due to the coincidence of the tangents by pairs at the nodes, 
and consequently, the number of such points is 


}(n—1)(n~2) 
which is the maximum number of double points for a curve 
of the nth degree, t.e., the deficiency is zero. 


06. That a unicursal curve has its deficiency zero 
follows also from the following considerations *: — 


Let the curve be defined by the equations 


z= f(t) | 
y= f,(t) f (1) 
z=f,(t) J 


Any point P will bea double point on the curve, if 
for two different values ¢ and ¢’ of the parameter, the same 
values of the co-ordinates are obtained. Consequently, for 
a double point we must have— 


F(t) =f, (t), fa(t) =f, (t'), fs (t) =f, (¢), when toe 


Therefore we have to determine the solutions of the 
system of equations : 


fL ft) falt) — fa om 
[i nO? Fay we e 











bet TEAD So (e e) 


p. 
SaS S ap (tt $o (2) 


Ffa S OF) ' 
e aaa = $,(é, t) 


* This proof is given by A. Clebsch zu Giessen—Crelle’s Journal, 
Bd. 64 (1865), pp. 47-48. 
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where $., $,, $, are Symmetric and homogeneous fuuctions 
of order (n— 1) in each parameter t and ¢’. The parameters 
of a double point must satisfy the equations (2), when tt’. 


Identically we have— 
$: ‘fy (() +o: ts (t)+, ts (t)=0 ) 
pi Satoa felt) +65 -fs(¢)=0) 
lf we eliminate t between ¢, and ¢,, we shall obtain 
an equation of degree 2(n—1)? inż, All those roots of 
this equation which also satisfy p, =0 will give the double 
points. If we substitute the roots of this equation and 


the corresponding values of ¢’ in (3), then either d, =0. 
ov f,(t)=0 and f,(t')=0, when t=?’ 


Therefore, for double points we have to reject those 


(3) 


values which simultaneously make 
fs(t)=0, f(t’) =9, when Æt. 

The number of such values is xn(n—1): for, from the 

equation 
fs) —f (£) =0. 

after removing the factor t—t', we obtain an equation of 
order (n—1l) in each of the parameters ¢ and t. Conse- 
quently, for each value of ¢’, there are (xn—1) values of t. 


which satisfy the equation. But there are » values oft 
which make f,(t')=0. 


Hence, there are n(n—1) values of ¢ which make both 
f,5(4)=0, f,(¢)=9, when t=’. 


Thus, after rejecting these n(n—l) values of ¢, the 
remaining 


2(n =l)? —n(n—=1), or, (2n—1)(n—2) 
roots give the double points, and the number of such 
points is therefore 4(n—1)(n—2), z.e., the curve has its 


maximum number of double points, and eousequently its 
deficiency is zero. 
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57. From what has been said above, it follows that 
all curves are not in general unicursal. The condition, 
both necessary and sufficient, that a given curve may be 
unicursal is that it has its maximum number of double 
points, z.e., its deficiency is zero. 


If fis fas fa be three rational and algebraic funotions 
of a parameter ¢, and 


ely afifaif 


the elimination of ¢ from these equations gives the equation 
of the curve in the implicit form. If fi, f3, fa are functions 
of the nth degree in t, we may eliminate the parameter by 
the dialytic method. The result is given in the form of a 
determinant, in which the variables enter only in the nth 
degree. Thus the curve is also one of the nth degree. 


Kw. l. Any point on an ellipse van be expressed as 
v=a cos Ë, y=b siu 0. 
The elimination of @ gives the equation of the locus in the form 
c? atty? b=], 
Bue. 2. Show that the conic 
av? + 2hey + by? + &fy+ 2gv=0 

is unicursal, 

The co-ordinates of any point P are given by the formula — 


er eee + ft 
“ae Qht+be* | 
jane ott fe 
a+ Bht + bt* 
Ex. 3. Show that the curve x? 4+y3=3avy is unicursal (Folium of 
Descartes). 


The origin is a double point. Take a line y=tz, which intersects 
the curve in two points at the origin. To determine the third point 
‘of intersection, we put y=tz in the equation. Thus 


v9(1 +63) =Batr?, 
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The factor w“ corresponds to the double poiut, and the remaining 
point is giveu by 
r(1+t3)=8at 





In the homogeneous form, we may write 
xiy: z=dat: gat® : 14+ ¢* 
Er. 4. Show that the trinodal quartic 
5 +s StH + B+ Sao 

is unicursal. 

Ex. 5. Express ratioually in terms of a parameter the co-ordinates 
of any point on the curves 

(i) r=a(1+cos 0) (it) r*=a?°cos 20. 
ks. 6. Show that the co-ordinates of any poiut on the cissoid 


(x? +y’)e={ay" 


a a 


may be expressed as ieee: is (i+ 6)" 


58. Complex SINGULARITIES: 


At a node on acurve, one or both the nodal tangents 
may be stationary tangents. 


If in the equation (1) of § 40, the co-efficient of r? and 
r> have one factor common—or what is the same thing— 
if the terms of the second degree and the terms of the third 
degree in the equation of the curve have one linear factor 
common, the corresponding nodal tangent has three-point 
contact with one branch of the curve, and thus becomes a 
stationary tangent. The nodeis called a flecnode on the 
curve, which may be regarded as arising from the union of a 
node and a point of inflexion. 


Similarly, if the terms of the third degree contain the 
terms of the second degree as factor, both the nodal tangents 
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are stationary tangents, and the origin is called a bejflecnode, 
which may be regarded as arising from the union of a node 
with two inflexions. 


Thus, the equation of a curve having a flecnode and «a 
biflecnode at the origin may respectively be written as— 


O=(au-+ by) (Le + my) + 
(autby) du? tery ty) tute 
and O= (ax? + 2hry + by?) + 
(ac? +2hiy+by* (let my) $y t... 


There are other kinds of singular points arising from the 
union of two or more singularities described before, and 
these must be investigated by special methods. We shall 
have occasion to discuss the nature of some of them ina 
subsequent chapter and when dealing with quartic curves. 


a9. SINGULAR Porxts ar INFINITY. 


It often happens that a curve possesses singular points 
at intinity. We shall now explain a method by which 
such singular points can be determined. 


Let ABC be the fundamental triangle, and let any line 
A'B’ whose equation is 


2 Sle-my+n:=0 


intersect CA and CB in A’ and B’ respectively. Now 
the equation of a curve having a singular point at A’ or B’ 
can be written down as usual. If now A'B’ is supposed to 
move off to infinity, it will become the line at infinity, and 
its equation will now become 


L=azr-+by+ce=0, 


Therefore, the equation of a curve having a singular point 
at infinity on CA or CB is obtained by writing down the 
equation of the curve having a corresponding singular point 
at A' or B’, and then changing z’ into I or ac+by+ce:. 
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60, To tind the equation of a curve having a double 
point at infinity on the line CA. 


The general equation of a curve having a double point 
at A may be written (§ 45) as 


ea” Feu" F op ..,, +u, =0, 


where «,„ is a binary quantic in y and :. Now, if we change 
z into Iin this equation, the equation of a curve having a 
double point at infinity on the line CA will be 


OE ili E aaa = “aie a E0, 
where wv’, is a binary quantic in I and y, so that 
w =fluet by +cz, y). 


Again, if we wish to obtain the Cartesian equation of 
a curve having a double point at infinity on the axis of «. 
we have only to suppose that the angle at C is a right angle, 
and then put z=[ = a constant. The equation becomes 


T i eNO ES +u, =0 
where «, 18 of the form 
ay? bhly+Acl? 


and uw, is a polynomial of the nth degree in y. If a=0, 
the line at infinity isa tangent. If a=b=0, the double 
point is a cusp, the line at infinity being the cuspidal 
tangent. 


Ex. 1. Show that the curves 
(i) (a? =x? )jy=a?, (ii) w3 +a? = Zary 
have nodes at infinity, 


Fo. 2, Find the singular points on the curves: 
(i) aty=a3, (ii) ayt =°, 
Fx. 3. Find the inflexions on the curve 


ys + y? = Zary. 
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Ol. Muctivne TANGENTS: 


Singular points on curves may be divided into two 
classes—(1) of multiple points, “2) of points of contact of 
multiple tangents. We have already discussed the nature 
of multiple points. We shall now proceed to study the 
nature of multiple tangents. ¢.e., the lines which touch the 
curve in two or more points, or which have a contact of the 
second or higher order with the curve. For simplicity, 
we shall examine the conditions under which the axis of 
a may be a multiple tangent to a curve. 


Consider the points where the axis of » (y=0) intersects 
the curve given by the general equation. If we put y=0 
in the equation— 


atbetcytde® fery+fy? +... +p" =0 


we obtain, for determining the abscisse of the points of 
intersection, the equation 


atbr+der+tgir+... tpu"=0. 


If a,, a3, a3, ... @, be the roots of this equation, it may be 


written as 


p(e—a,)(v—a, )(e—a,)...(u—@, =O 


and @,, @,, %,...%, are the abscisse of the n points of 


intersection. 


Now, if a,=a,, two of these intersections coincide, and 
the axisof x is a tangent to the curve at the point 
(v=a,, y=0), ie., when two of the roots are equal, the 
axis of visa tangent. If a, is imaginary, there will be 
another pair of coincident imaginary roots, namely a,=a,, 
and the axis of x will be a double tangent ov bitangent, 
touching the curve at fico imaginary points. 


When the equation has two pairs of real and equal 
roots, the axis of «is a double tangent or bitangent, touchiny 


the enrve at two different points. lt is evident that a 


i0) 
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curve of order lower than the fourth cannot have any 
double tangent. 


If three roots of this equation become equal, for 
instance, a, =4, =4đ,, then the axis of v meets the curve 
in three consecutive pointe. In this case it is called a 
«stationary tangent: for, when three consecutive points lie 
on the tangent, we may consider that the tangent joining 
the first two consecutive points coincides with the conse- 
cutive tangent, č.e., the tangent through the last two points. 
The point of contact of a stationary tangent is called a point 
of inflexton (§42). 

In a like manner, it can be shown that the axis of »: 
touches the curve at two or more points, according as the 
above equation has two or more pairs of equal roots. 
Again, the line may have a contact of the third or higher 
order, according as the equation has a root repeated four 
or more times. These singularities can occur at more than 
one point. 


Ex. 1. A line is drawn through each of the points of contact of a 
bitangent of a quartic. Show that a cubic touches the quartic at the 
six points in which these two lines meet the quartic again. 


Ex. 2. The side BC of the triangle of reference ABC isa bitungent 
to a quartic, B and C being the points of contact. Show that the 
equation of the quartic is zu, =xr°y?. 


Ex. 3. Show thata=0 is a bitangent at the points (a8) and (ey) 
on the curve ap+8*y?)=0, where a, 8, y are linear, and ọ, y any 
functions of the co-ordinates. 


62. RECIPROCAL SINGULARITIES: 


We have seen that a curve may be regarded as the 
locus of points or envelope of lines. In order to discuss 
properties of multiple tangents, tangential co-ordinates 
may conveniently be used. In the point-theory, at a double 
point two different points on the curve coincide. In the 
line-theory we may have two different tangents to the 
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curve as coincident. Thus toa double point (crunode or 
acnode) there corresponds a double tangent with real or 
imaginary contact. At a cusp the tracing point first 
becomes stationary and then reverses the sense of its 
motion. So also at a point of inflexion, the enveloping 
line first becomes stationary and then reverses the sense of 
its motion. Hence we see that to a cusp there corresponds 
a stationary tangent, and these are distinct singularities. 
Thus the singularities correspond as follows :— 

To a node or a conjugate point (with real or imaginary 
tungents) corresponds a double tangent with real or imagi- 
nary points of contact. 


To a cusp with the cuspidal tangent, there correspond a 
stationary tangent and the inflexion respectively. 


In the same way, to a triple, quadruple, ete., points with 
distinct tangents correspends a tangent with three, four, etc., 
distinct points of contact. 

In particular, to a triple point with coincident tangents 
corresponds the tangent at a point of undulation, and so on. 

It follows from this. remembering the relation that 
exists between a curve and its reciprocal, that if we have a 
curve of order x, having ô nodes, x cusps and satisfying 7 
other conditions, and if there is only a finite number of such 
curves, so that 


sU(n+-3)=8 424, 


then the reciprocal is of degree m with r7 nodes, « cusps 
and satisfying r other conditions; there is only a finite 
number of them, so that 


im(m +3) =r ur. 
Hence, 3n(u+3)—3~2e=hme(m +3) —1— 2 


i.e., a curve and its reciprocal are determined by the same 
number of conditions. 
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Ex. 4. If (A, u, v)=0 is the tangential equation of a curve, show 
that the bitangents are determined by 


09. 99 _ 9% 
OA On Ov 


=0,. 


Ev, 2. The three tangents at a triple point are coincident. What 
is the corresponding reciprocal singularity ? 

Ex. 3. Show that the curve y? z*=.2"*t? has reciprocal aingulari- 
ties at the vertices B and C of the trianglo of reference, 


Ec. 4. Find the bitangents and inflexions on the curve 3(2 + 4)=2’. 


Ex. 5. Find the nodes on the curve (€ + 97)¢? =a7é5n". 


CHAPTER IV. 


THeory or Potts AND POLARS. 


63. Let (x, y, s)=0 be the equation of a curve of the 
wth degree in any system of homogeneous co-ordinates 
(or im Cartesians made homogeneous by introducing 
requisite powers of z=1). We shall examine the points 
where any line joining two given points intersect the 
curve by using the method of Joachimsthal. 

Let P(x, y, =) be a fixed point and Q (z, y, 2) a 
variable point in the plane. Then the co-ordinates of any 
point A on PQ, dividing PQ in the ratio À : u (where 
A+p=1), are 

Art pe’, ày + uy', Astu. 
The co-ordinates of points where the line PQ meets the 
curve are found by substituting these values for æ, y, z 
in the equation of the curve, and theu determining the 
ratio À : p from the resulting equation. 


@ 
Thus, f (Nectar, Ayt py’, Az+ ps’) =0. 
This may be expanded in two ways by Taylor’s theorem. 


We have then— 


O=A'f4 pe Af+ ` J AT ee 


+H Af tut A= o (1) 
or 
ae pe" mar," A’ pe" EAE 13 
=e" f+ Lt Af + 5 | AME +. 


Or he A“ nl 
at A A's + cee pô f =0 (2) 


7! 
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where 
faf (», yY, 2), f = f(e agr) 


Either of these equations gives the » values of the 
ratio A: u. Comparing the co-efficients in the two equations, 


we obtain the following identities :— 


iv A AF 


F l icia 
AJ (n 1)! f 
1 ry oe l iney 
mo = (n- ry | A f 
1 n-93 _1 tg 4? 
(n= anA 
toga EAS 
(n—1)! ~ 
l , 
-A "f= 


64. Porar Curves: 
The several curves defined by the equations Af=0 
A*f=0, etc, are called the “Polar curves” of the point 
(x', y’, 2') with regard to f=0. The curve Af=0 is called 


ya 
the first polar of the point (2, y’, 3’) with respect to f=0 
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Similarly. the curves A*f=0. etec.. are called respectively 
the second, third, etc., polar curves of the point (2’, y’, z’) 
and the point («', y’, =’) is called the pole. The equation 
of the Ath polar curve is 


CB be bye 


the two equations representing the same curve in virtue 


or 


of the identities of the preceding article. It follows there- 
fore that A*-'f=0 or A‘f=0, which represents the 
(n—1)th polar curve, is the polar line, and A*~*f=0, or 
A’*f'=0)which represents the (n—2)th polar curve is the 
polar conic, and so on. 


From the mode of forming the equations of polar 
curves it is seen that successive polars are obtained by 
performing the operation A successively on f; for instance 
A?f is obtained by operating with A on Af, which is the 
first polar of f. Hence the second polar of («', y’, 3’) with 
respect to f is the first polar of the same point with 
respect to Af. Similarly, the third polar of («', y’, 2’) 
with respect to f is the first polar of the same point with 
respect to A?*f and the second polar with respect to Af. 
In general. since A’(A‘f)=A"*'f, the (r+s)th polar 
of a point with a respect to fis the rth polar of the same 
point with respect to A‘f. č.e., with respect to the sth polar 
of f. Thus we may state the following general theorem : 


The polar curve of any rank of a point is also a polar curve 
of the same pornt with respect to all polar curves of a rank lower 
than its own. 


It is to be further observed that 
DUA FHA CA AH aT 
A‘'fH=A ~ (A'S), and so on. 
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This shows that the sth polar of a point with respect to 
the rth polar of the same point w.7.t. the original curve is 
the rth polar of the point w.r.t. the sth polar of the 
original curve. 


Ez. 1. If P lies on the kth polar of Q for an x-ic, Q lies on the 
(n—k)th polar of P. 

Ex, 2. If P is a node of the (k—l)th polar of Q, then Q is a node 
of the (n—k)th polar of P for an n-ic. 


Ez. 3. Show that the kth polars of the vertices of the triangle of 
reference are 


Ex, 4. Prove that the polar line of a point on the curve is the 
tangent at the point. 


Ex. 5. Prove that all polar curves of a point on the curve will 
touch the curve at that point, 


65. If P(x', y, 2’) and Q(x”, y”, 2”) be any two 
points in the plane of a curve f=0, the points where the 
line PQ meets the curve are determined, as in §63, by the 
equation which we may write in the form 


OmsArA*Sf(x, y, z HATIMA, y, 2’) 


FIAT? p? A'fl’, y’, z')+ =O (1) 
where =r” >, +y” Q 
t 


Now, if one of the points should coincide with (.’, y’, 2°, 
it is evident that one of the roots of this equation should 
be p=O0. This requires that f’=f(w’, y', z')=0, which is 
otherwise evident, since, when a point les on the curve, 
its co-ordinates satisfy the equation of the curve, 


If two of the points where PQ meets the curve shonld 
coincide with (x,y,z), then the above equation should 
give two values of «=0, ie., p? should be a factor of ©, 
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This requires that both f=0 and Af'=0. Now then PQ 
touches the curve at (w’, y', 2’), and (”, y”, 2”) is a point 
on that tangent (or tangents, if more than one). Hence, 
if (c, y”, 2") be made current, A becomes 


ð ð 4; ,0 
ae! Yay Ta.’ 


and the point («”, y”, 2”) lies on the locus 


» OF 4, OF of = = 
7 Ar TY Sy } +2 (2) 


which is the tangent to the curve at the point (a#',y’, 2’). 
But this is evidently the polar line of the point (:c’, y’, z’). 

Hence, the polar line of a pont on the curve is the tangent 
at that point. 

It follows from the preceding article that the polar line 
of a point with respect to a curve will also be the polar 
line with respect to each of the polar curves, and since 
the point («’, y’, 2’) lies on the curve, it is seen that it 
lies on all the polar curves. Hence the polar curves will 
have the same tangent at the point («', y’, 2’). 


If, however, 


of — Of _ Of’ o. 3 
0. Oy Oz ua 


Af =. n sa +P Sy + 2" OF 


vanishes identically, whatever x”, y”, 2” may be. 


Hence, in this case the line PQ meets the curve always 
in two points at (w’, y’,z’) for all values of ” y” 2”, ie., 
the point (.', y’, :') is a double point, and every line drawn 
through it meets the curve in two coincident points at 
(æ, y’, 2). 

1] 
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The equations (3) will not, in general, have a common 
solution, unless a certain condition is satisfied, which of 
course, is obtained by eliminating 2’, y’, 2’ between the three 
equations (3). (See §47.) 

Again, the equation @=0 will have three roots »=0, 
t.e., PQ will meet the curve in three points at (2’, y’, 2’), 
if we have 


f=0, Af=0, A*/'=0 (4) 


These show that in this case the line PQ coincides 
with the tangent at (.0', y’, 2’), and that every point on 
it is a point on the polar conic A*f’=0 of («’, y’,2'), which 
must therefore reduce to two right lines. Hence, A?f 
contains Af’ as a factor, and the point (c', y’, 2’) is a 
point of inflexion. (See §42.) 


We have thus indirectly obtained the theorem that the 
polar conic of a pont of inflezion breaks up into two right lines. 

If, however, Af’ and A*f’ vanish identically, whatever 
s” y” 2” may be, ze. if the first and second differential 
co-efficients of f vanish at («’ y' 2’), the line PQ always 
meets the curve in three coincident points at (x', y’, 2’), 
which is then a triple point. (§44.) 


Generally, if for any point (c’, y’, 2’) Atf is identi- 
cally zero, the curve has at this point a multiple point of 
order k. From the mode of formation of Af’s, it follows 
that, if A‘-'f's0, then A‘-7/'=0, Atf =O, ..., Af =0. 


The equation A‘*f’=0 gives then the product of the k 
tangents at the point in question. For, in the first place, 
the curve represented by this equation has also at the 
point a multiple point of order k, since its (k—1)th polar, 
the point being the pole, is no other than A‘*~'f', and 
in consequence, vanishes independently of («”, y”, 2”). But 
acurve of order k having a k-ple point is necessarily 
composed of k lines. Hence these lines touch the k different 
branches of the original curve which pase through the 
multiple point. 
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66. Mixeo Polars: 


The symbolic identities discussed above also hold, if two 
different poles are taken with respect to the 7th and the sth 
polars respectively. 

Let P, (xi, Yı, zı) and P,(z,, y,, z4) be any two points 
in the plane of a curve f=0. 


Then, if Ae(r, È +y, È+ 2 ) 


r Oy 
and a'=( +, 2 +y, 3 +: Š. ) 


we have A’'.A7=A".A?’; whence it follows that the 
sth polar of P, with respect to the rth polar of P, 
for any curve is the rth polar of P, with respect to the sth 
polar of P, for the same curve. 

The curve obtained by this polar process* is called a 
‘ mixed polar” curve of the two points. 

For a cubic curve, in particular, we obtain the 
following theorem : 

If S, and S, are the polar conics of two points P, and 
P, with respect to a cubic, and if tangents are drawn from 
P, and P, to S, and S, respectively, then the four points 
of contact will lie on a right line, which is the ‘‘ mixed 
polar ” line of P, and P, with respect to the given cubic. 

For, the polar conics of P, and P, are Af and Af 
respectively, 


where A=; 


Now, the polar line of P, w. r. £. S, is the first polar of 
P, w.r. t. S,, ze, A-A’f=O0 which is a right line passing 


* Elliot—Algebra of Quantics, §53. 
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through the points of contact of tangents drawn from 
P, toS,. Since A.AF=A'Af, the truth of the theorem 
follows. 


Ez. 1. The polar curves of the point (a, a) w. r. t. the cubic 
x’ +y?=a? are :— 
Polar line r+y=a 
Polar conic 272#+y?=a? 
Ex. 2. The equations of the pairs of tangents drawn from the 
vertices of the triangle of reference to the conic 
az? + by? +cz? + Bfyz + 2gzx + 2hey=0 
are Cy?—2Fyz+ Bz*=0, Aa? —2Gzæ + Cr? =0, 
and Br? —2Hay + Ay? =O respectively, 
where A, B, C, etc., are the co-factors of a, b, c, etc., in the determinant 


(a bc), 
It follows then that the three pairs of lines— 


ay2+byatcs?=0, «z? +b'ze+c' x? m0 and ax? +b" xy 4+c"y? =0 


will touch a conic, if ae’a” =cc'c". 
Ex. 3, Any polar curve of the curve 
(xja)" + (yib) + (z/e)* =0, 
is of the same form. 
[This curve is called the triangular-symmetric curve. } 
Ex. 4. If the polar conic of P w.r.t. a given n-ic has a self. 


conjugate triangle which is inScribed in a given conic, the locus of P 
is an (n—2)-ic. 


67, If two roots of either of the equations (1) and (2) 
of §63 be equal, the line intersects the curve in two 
coincident points and is therefore a tangent. Hence the 
discriminant of the above equation, regarded as a binary 
quantic in A, u, equated to zero, will give the equation of 
the tangents drawn from any point (2’, y’, 2’) to the curve. 
The weight, z.e., degree in the roots of this discriminant is 
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n(n—1),* and therefore n(n—1) tangents can be drawn 
from any point to the curve, 


The calculation of the tangents by this method is not so 
simple, in general; but the method may conveniently be used 
in particular cases. Thus, for example, in the case of a cubic 
curve, we obtain the following equations for determining 
the values of the ratio A : p— 


ASFA AfA IAS +p5f=0 (1) 
ref HAR AT HARA” +rAsf=0 (2) 


Writing, for brevity, A and A’for Af and A’'f' respectively. 
the discriminant of (1) or (2 ) becomes : 


A'[A —4 Af] +f (18f.A.A’—4A'8 ~27f *f]=0 (3) 


This equation is symmetrical in the two sets (7, y, z), 
(<, y', z’), and of degree 6 in each set. Hence 6 tangents 
can be drawn from any point (.’, y’, 3’) to the cubic. 


The form of the equation (3) shows that it represents 
a locus touching f at the points where the latter meets Af. 
The other points where f meets the locus lies on the curve 
(A’)?—4A.f/=0. Hence the geometrical interpretation of 
the equation is :— 


If from any point six tangents are drawn to a curve of 
the third order, their six points of contact lie on a conic 
A=0, and the si: remaining points, in which these tangents 
meet the cubic again, lie on another conte (A')?—4A.f'=0, 
having double contact with the first at the points where A'=0 
meets A =0. 

If however (.’, y’, z') is a point on the cubic, f'=0. The 
discriminant equated to zero gives A*=4A':f, which is 
of the fourth degree in (e, y, z). Hence, only four tangents 
can be drawn to a cubic from any point on the same. 


* Elliot—Algebra of Quantics, § 77. 
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It has already been said that the roots of the equation 
(1) of §63 gives the points where the line meets the curve. 
Hence, from the conditions that the equation has one or 
more pairs of double roots, or has two or more roots 
coincident, it will be possible to obtain bitangents or other 
multiple tangents of the curve ; but the investigation by this 
method is by no means simple, and we shall see later that 
these can be obtained by other simpler methods. 


68. GEOMETRICAL INTERPRETATION OF THE EQUATIONS OF 
POLAR CURVES: 


If A'f'=0, it follows from the equation (2) of §63 that 
the sum of the roots vanishes, 


; = QA _ 
l.e. z2 =0, or, D> PA =0. 


2E 


where, A,, A,, Ag, o ... A, are the n points in which 
the line PQ intersects the curve. 


If now we put 
PA,=7,, PA,=7,, .. PA, =r,, and PQ=R, then 


QA,=PQ—PA,=R—r, ; QA, =PQ —PA, =R—",, ete. 








së = 3 QA = yPQ—PA 9 
Then, A > PA > pe 
t.e. 2 ao =0, 

n _ 1l 1,1 1 
or, R r, ia T + ene , 


The geometrical interpretation of this property has been 
given by Cotes (1722) in his Harmonia Mensurarum as 
follows :— 
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If on each radius vector through a fixed point P, there 
be taken a point Q such that 


ee Ee Bee E 
PQ PA, PA, PA, 
where A,, A,,......A, are the points of intersection with 


the curve, then the locus of Q will be a right line; or, in 
other words, — 


The locus of the harmonic mean Q of the points of intersec- 
tion with a curve of all lines of a pencil, drawn through a 
fixed point P, is the polar line of P. Similarly for the polar 
conic. The point Q is called the harmonic mean, 


In general, we calla point Q the “harmonic mean of 
order k,” which satisfies the equation 


QAQA, QAL 


PA, PA, U U PA, 

thus we can say that the harmonic mean of the kth order 
lies on the kth polar, and therefore it geometrically signifies 
the vanishing of the (k+1)th term in the equation (2) of 
§63. 

If the pole P is at infinity, then Q is called the centre of 
mean distances, and the several polars are called the 
diametral curves. 


Ev. 1. If the given curve be a conic, it has only one polar line, 
and this is the locus of a point Q which is the harmonic conjugate of P 
w.r.t A, and A,. 


Ex. 2. If the point P lies on a cubic curve, then the two points 
A, and A,, where any line through P meets the cubic are determined 
by the two values of Aju given by 


A*f+ ApAft pr Af =. 


If now the line meets the polar conic of Pin Q, Af=0, and cougo- 
quently we have— 


QA, QAs_ 
PA,” PA, 
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PQ-PA, , PQ-PA, 
PA, PA, 





PQ PA, PA, 


1.6, 


which shows that P, A,, Q, A. form a harmonic range, or in other 
words,— 

The points where any line through a point on a cubic meets the cubic 
and the polar conic of the point form with the point a harmonic range. 

Ex, 3. The polar line of a point at infinity is the diameter of the 
system of parallel chords directed to that point. 


Ex. 4. The polar curves of uny point w.r.t. a curve are projected 
into the polar curves of the projected point w.r.t. the projection of the 
given curve. 


Ex. 5. A conic touches a cubic at O and cuts it in four other points 
P, Q, R, S. Show that OP, OQ, OR, OS meet the cubic again in four 
points lying on a conic, which also touches the cabic at O. 


69. CENTRE OF A CURVE: 


In a conic the pole of the line at infinity is defined 
as the centre. But in the case of a general curve of order 
n, a line has (1—1)? poles, and there is therefore no unique 
point for such a curve corresponding to the centre of a 
conic. If, however, the curve be regarded as an envelope, 
every line has a pole, a polar curve of the second, third and 
higher class, and finally a polar curve of the (n—1)th class, 
which is touched by the » tangents at the points where 
the line meets the curve. Thus, we may obtain a unique 
point—the pole of the line at infinity,—when the curve 
is defined by its tangential equation. 


Let (7, č), (£. 9.) be the co-ordinates of any two 
lines. Then the co-ordinates of any line through their 
intersection, dividing the angle between them in two parts 
whose sines are in the ratio A : p may be taken as 

(A+ pe’, Antun, AC+yl’). 

If we substitute these values for é, 7, ¢ in the tangential 

equation of the curve, the equation corresponding to (1) of 
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§63 now determines the ratios of the sines of the parts 
into which the angle between the two lines is divided 
by each of the tangents drawn to the curve through their 
intersection. 

If now P is a variable point, and O a fixed point on any 
given line whose pole is to be determined, and A,, A,,...A, 
the points of contact of tangents drawn from P, the pole Q 
of the line has the property 


“(Sacro )=? a 


For the conic, regarded as an envelope of the second class, 
this relation becomes 


sin QPA, sin QPA, —0 (2) 
sin A,PO sin A,PO 











In the language of geometry this may be stated as 
follows :— 

If from any point P ona fixed line OP, tangents PA,, 
PA, are drawn to a conic, and a line PQ such that 
{P-OA,QA,} is harmonic, then the line OQ passes 
through a fixed point.* 


The relation (1) may be written in the form 


M,A, _ 
AN, = (3) 





= 


where M, is the foot of the perpendicular drawn from A, 
on the line PQ, and N, is the foot of the perpendicular from 
the same point on the line OP. 

If the line OP now moves off to infinity, then all 
the denominators in (3) tend to equality, and we have 
3M,A,=0, ¢.e., the sum of the perpendiculars drawn from 
the points of contact of any system of parallel tangents 
on a parallel line through Q is zero. 


* Salmon, Conics, §57. 
12 
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Hence we have the following definition for the centre 
of a curve, given by Chasles * :— 


The centre of mean distances of the points of contact of 
any system of parallel tangents toa given curve is a fixed 
point, which may be regarded as a centre of the curve. 


Thus, the middle point of the line joining the points of 
contact of parallel tangents to a curve of the second class 
(a conic) is a fixed point. 


Similarly, in a curve of the third class the centre of 
gravity of the triangle, formed by the points of contact of 
three parallel tagents, is a fixed point, and so on. 


It is to be noticed, however, that in the system of 
Cartesian point co-ordinates, when the equation of the curve 
contains only terms of odd, or only terms of even degree, the 
curve is symmetrical about the origin, andit may be brought 
to self-coincidence by rotation through 180° about the origin. 
The origin may, in this case, be called a centre of the curve. 


Ex. 1. If P is a point on a curve and PP,P,...a secant cutting 
the curve in P,, P.,...P,_,, and the polar conic of P in Q, then 


n—l 1 
— ay. 
PQ PP, 


Ex, 2. If P bea point of inflexion ona curve and PP,P..,.P,_, 
be a secant cutting the harmonic polar in Q, prove that 


n—l Zz 1 
PQ PP, 
Ex, 3. If a curve has a centre, the polar curves of the centre have 
this point for a centre. 


Ex, 4. The polar curves of any point at infinity, in Ex. 3, have the 
centre of the curve a8 a centre. 

Ev. 5. Ifan n-ic f(x, y)=0 has a centre, all the partial derivatives 
off w.r.t. œ and y vanish at that point. 


[When the origin is taken at the centre (2’, y’), the transformed 
equation becomes f(2 +2, y+y’)=0, and the terms of orders (n-1), 
(n—-3), (n—6)... must be absent from this new equation. | 


* Quetelet, Correspondence Mathématiques et Physique, VI, 8. 
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70. MacLarcrın’s THEOREM: 


If through any point P a line be drawn meeting the curve 
in n points, and at these points tangents be drawn, and if 
any other line through P cut the curve in A,, A,, Ag,...A,; 


and the system of n tangents in B,, By, ...... B,, then 
1 _ 1 
ž pa =? pp’ 


Consider two lines drawn through P which intersect 
two curves of order » in the same points R,, R,, Ra. Ra 
and Si S,, S,...... S, respectively. The polar line of 
P with respect to both curves must be the same, since 
the two harmonic means R and S are the same for both. 
Now, if PR and PS coincide, the two curves touch each 


other at n collinear points—R,, R,, Ras ...... R,, but still 
the polar line of P for both is the same. The tangents 
at the n points R,, Ra, Rsz,...... R, may be taken to 


constitute a curve of the nth order touching the other original 
curve at n collinear points, and therefore, if a line through P 
intersect the curve in A,, A,, Ag...... A, and the tangents 
at B,, B,, B,......B,, the harmonic means of the two 
systems are the same, and consequently we have— 


bosi 


Ev. 1. The tangent drawn from any point on the polar line of a 
point P w.7.t. a conic is cut harmonically by the tangents drawn from P. 


Ex. 2. A radius vector drawn through a point O on a cubic meets 
the curve again in P and Q. Shew that the locus of the extremities of 
harmonic means between OP and OQ isa conic, which reduces to a 
right line when Q is a point of inflexion, 

71. POLAR CURVES oF THE ORIGIN: 
Let the Cartesian equation of a curve be— 
Ug tty tus F. fu, =O 
or, this may be written in the homogeneous form: 


f Sg e* tu," pugs tet a, =O. 
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The co-ordinates of the origin may be taken as (0, 0, 1). 


Therefore, the different polar curves are respectively— 


Sf = —0, a 0,. sone Doe =. 





The polar line of the origin becomes— 


ao Ate ; ö; 
— ——" =n! u 2t(n—1l) ! u, =0, te, nuo tu, = 
The polar conie is— 

On Fae y o2? t(n—1) ! u, 2+(n—2) bu, 
62°"? 2! 
=n(n—1)u, +2(n—1)u, +2u, =0. 


The polar cubic ts— 


o ak +D! 
Sfp t gpa" 


+(n—2)!u, z+ (n—3)! u, 
=n(n—1)(n—2)u,+3(n—1)(n—2)u, 
+6(n—2)u, +6u, =0 
etc. etc. etc. 


From these the polar curves of any point on a curve can 
easily be found; the point may be taken as the origin 
of a system of Cartesian axes and the corresponding 
equation of the given curve may be obtained by the usual 
method. 
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72. From a study of these equations we at once draw 
the following inferences :— 


(1) If the origin lies on the curve, «, =O, all the polar 
curves pass through the origin, and «,=0 is the common 
tangent to all. 


Thus, the polar curves of any point on the curve pass 
through the point and have a common tangent there, t.e., 
the polar curves all touch the curve at that point. 


(2) If the origin is a double point on the curve, the 
first degree terms are absent from the equation, and it 1s 
found that they are absent also from the equations of all 
polars. The terms of the lowest degree are u, in all 
of them. ` 


Hence we infer that all the polar curves of a double 
point on the curve have a double point with the same 
tangents at the double point on the original curve. 


Further, the polar conic of the double point is u,=0, 
which represents the two tangents at that point. Hence 
the polar conic of a double point on the curve breaks up 
into two right lines. 


(3) In general, if the lowest terms in the equation of 
a curve are w,, the lowest terms in all the polar curves 


Hence we infer that all the polar curves of any multiple 
point of order k on the curve have a multiple point of 
the same order with the same tangents at that point. 


(4) If the origin is a point of inflexion on the curve, 
the linear terms are a factor of the second degree terms, 
and hence, from the equations of § 71, it follows that the 
origin is an inflexion on all the polar curves ; and similarly 
in general. 


Thus, the polar curves of a point on the curve at which 
the tangent has r-pointic contact have r-pointic contact 
at the point with the same tangent. 
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Ex. 1. The (n—k)th polar of a k-ple point of au n-ic consists of 
the k tangents at the point. 


Ex. 2. If P lies ona given m-ic, the envelope of the polar line 
of P with respect to a given n-tc is of class m(n—1). 


Ex. 3. The kth polar of P with respect to an n-ic having an 
(n—1)-ple point atO is an (n—k)-ic having an (n—k—1)-ple point at O. 


73. If a point Q (2", y", 2") lees on the kth polar of a 
point P (x', y', z'), then P lies on the (n—k)th polar of Q with 
respect to a given curve. 


This is only a geometrical statement of the equations in 
§63. For, the kth polar of P is— 


or, (= Sty E +z 2, yo. 


If Q lies on this, we must have 
n-k 
í Shy” be” LA =0. 


Therefore, the locus of P (2’, y', z') is— 


wu ð ” coe u ð a = 
(atl 554: 2) f=0 


which is the (n—k)th polar of Q. 


74. The locus of all points whose polar lines pass 
through a fixed point ts the first polar of that point. 
The polar line of any point (a’, y’, z") is 


(2 + S+: 2, \r=0. 
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If this passes through a fixed point (”, y”, 2”), we must have 


t" af " of # of 
+y” a, tA =, =0 
öx I Oy Qz 
which shows that the locus of (2', y', 2’) is the curve 
Af=0, which is the first polar of («”, y”, 2”). 

In a like manner, it can be shown that the locus of 
points whose polar conics pass through a given point is 
the second polar of the point; and in general, the locus of 
points whose kth polars pass through a fixed point is the 
(n—k)th polar of the point. 


75. Every point has only one polar lene, 
For, the polar line of the point (x’, y’, z') is— 


of. oF ; OF =o. 
z E T Oz! 


The co-efficients in this equation are known, determinate 
functions of (#’, y’, z’), and therefore the line is determinate 
and unique. Consequently, there is only one polar line of a 
given pole. 


76. The first polar of every point on a right line passes 
through the pole of that line. 
Tke polar line of any point (.2’, y', 2’) is— 


e OF 4y OF gag: OF 26: 
£ arty ay 92! 


If ( a", y”, z”) is a point on this line, we must have— 


n of u of ” of —0 
2 ay ty By +: Ail 


which shows that the first polar of (””, y”, z”) passes through 
the point (2’, y’, z’), which is the pole. 
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17. There are 2(n—2) points on a right line, of which 
the first polars are touched by the line. The polar conics of 
these 2(n—2) points of contact are also touched by the same 
line. 

Let le+my+nz=0 (1) be any line, and (2’, y’, 2’) any 
point on it. 


The first polar of (2’, y’, 2’) is— 


„af 
Oz 


R 
II 
© 
Am 
tO 
4 


+y Sloe R 


rag 


f=0 being the given curve. 


The tangent to this curve at a point (.”, y”, 2”) is— 


„ôF, OF,, OF _o 
"Ox „tY: Oy —, +z oT ? 


t.e., a(a’f", tyfa +2'f" 15) +y(2'f", 3 tyfa a Hz'f”aa) 
+2(0'f" 15 +y'f" a5 +2'f",,)=0 (3) 


where F=f", y", 2"), and fins Jia» fiss etc., denote the 
second differential co-efficients of f. 


If this is to be the same as the line (1), we must have 
wf tyf ate fi geal N 

tf a HYT aa 2h" as km 

Pull i 

UP sty fi as tzf” ss =hn | 

also Las” my" +n2"=0 | 





(4) 


Eliminating k ana (æ”, y”, z”) between the equatjons 
(4), we shall obtain the locus of (2, y’, 2’ ). Now the 
eliminant* will be of degree 2(n—2) in the variables 2’, y’, 2’, 
which therefore represents a 2(n—2)-zc, and the points 


* Clebsch, Leçons sur la Geometrie, Tom II, p. 13. 
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where lc+my+nz=0 intersects the locus are the required 
points. Hence the truth of the theorem follows. 


If, however, we eliminate k and (2’, y’, z’) between the 
first three equations in (4) and l t' + my'+nz'=0, we obtain 
the locus of ( x”, y’, z”) in the form of a determinant equation, 
namely ,— 


fin fis fis l j=0 (5) 


l m n 0 


Equation (5) is of degree 2(n—2) in the variables, and 
therefore the given line intersects this curve in 2 n—2) 
points which are the points of contact of the first polars with 
the given line. 


Again, the polar conic of (a”, y”, z”) is— 
frye" +f", oy” +f", 32" +2/", syz t 2j”, zu 2f", ary =. 


If this touches the line } c-+ my + nz=0, we must have 


1 1 11 ] ee 0 


11 13 13 
T ET Taš m 
fsi Iss "pa n 


l m n 0 


which is satisfied, since («”, y”,2”) is a point on the 
curve (5). 


From what has been said above, we may deduce the 
following theorem : 


Through any point we may draw two lines, on each of 
which there is a point whose first polar touches the line at the 
given point. These are the two tangents which can be drawn 
from the given point to its polar conic, 


13 
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These two tangents may coincide either when the point 
lies on the polar conic, in which case the point must he on 
the original curve, or when the polar conic breaks up into 
two right lines, and the tangents coincide with the line 
joining the point to the intersection of those two lines. In 
this case, as we shall show later on, the point lies on the 
Hessian. 


From the theorems just stated it will be seen that there 
is somewhat of a reciprocal relation between the first polar 
and the polar conic of a point, as will appear in the sequel. 


78. Every straight line has,in general (n—1)? poles. 


For, take any two points A and B on the liae. The 
first polar of each of these points passes through the pole 
of the line (§ 76). Therefore the points of intersection of 
these two first polars are the poles of the line. But each 
of these curves is of the (#—1)th degree, and they intersect, 
in gereral, in (n—1)* points, which are the poles of the line. 


Cor. The first polars of all points on the line pass 
through these (n—1)? poles. For, if Pand Q be the first 
polars of A and B, then the first polar of any point on AB 
is P+AQ=0, which evidently passes, for all values of A. 
through all the intersections of P and Q. 


79. If, however, the curve has a node, the first polar 
of every point passes through it (§65), and therefore the 
two first polars intersect in only (z—1)*—1 other points, 
which are the poles of the line. Therefore, if the curve 
has 6 nodes, the first polars intersect in only (n—1)*?—5 
other points, which are the poles of the line. 


If the curve has a cusp, the first polar of any point not 
only passes through it, but also touches the cuspidal 
tangent.* Therefore the cusp counts as two among 
the intersections of the two first polars. which then 
intersect only in (1—2)*—2 other points, and these are the 


# To be proved hereafter in § 85. 
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poles of the line. If the curve has « cusps, the two first 
polars intersect only in (n—1)*—2« other points, which 
are the poles of the line, 


Hence, combining all these results, we may enunciate 
the following theorem :— 

Every right line has, in general (n—1)? poles with regard 
to a non-singular curve, but if the curve has Ò nodes and x cusps, 
the number of poles is reduced to (n—1) 2 —8—2k. 


Ex. The pole of the line la+my+nz=0 with regard to the 
degenerate cubic vyz=0 is the point (1/l, 1/m, 1n). 

[The pointand the line are called the pole and polar w.r.t. the 
triangle. } 


80. If the polar line (or any other polar curve) of a point 
passes through the point, the point lies on the curve. 

For, if we put (z, y, z) for («’, y’, z') in the equation 
of the polar, it becomes identical with the equation of the 
curve, since the polar curves are obtained by operation with 
A, which becomes in this case 


gO 44 


Oo .. 
Ox ae 


Oy ~ OF’ 
the effect of which, by Euler’s Theorem, on a homogeneous 


function is only to multiply the function by a numerical 
factor. 


It is to be aoted that the polar line of every point on a 
curve is the tangent at that point. 


81. The converse theorem is also true (§72), če., every 
polar curve of a point on the curve touches the curve at that 
point, 

Let F, be the rth polar of any point (.’, y’, 2’), so that 
its equation is given by— 


ww —({ , 9 1 O +0 iced 
F,=( : Da TI a 5, ) fe (3 
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which evidently passes through the point («’, y’, 2’), since the 
point lies on the curve. 


Now, the tangent at (w', y’, z') to the rth polar F, is—- 
9 4,9 4,9 \F '=0 2 
CÈ Tay tg di (4) 
But F, is of degree n—r, and therefore, by the identities 
of § 63, equation (2) may be written as— 


mO + y 2. + 2! ð ~I p, =0 
£ 


2.€., aS ( a! = +y' -2 4! ð JT's =0 


which is the equation of the tangent at (w’, y’, 2’) to the 
curve f=0. 

82. The points of contact of tangents drawn to a curve 
from any point lie on the first polar of that pont. 


Let (2, y’,2’) be a point on the curve. The tangent 
at (x', y’, z') is— 


2 OF +y Of 4, OF =o. 


“Ou! Oy’ 02’ 


If this passes through any point ( c”, y”, z”), we must 
have— 


yw OF OF „əf . — 
ae TY ay T ar 


which shows that the locus of (2’, y', 2’) is— 


OF 4 pdf Of = 
Vian t Yay +2 =0; 


and this is the first polar of the point («”, y”. -” 
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From this it fclluws that the points of contact of the 
tangents drawn from a given point to the curve are the 
points of intersection of the curve with the first polar of 
the point. Now, the first polar of any point is ot degree 
(x—1), and consequently it intersects the curve of tke nth 
degree in n(x—1) points. Thus we see that froma given 
point there can be drawn, in general, n(n—1) tangents toa 
curve of the nth degree. 


Derinition: The Class of a curve is determined by 
the number of tangents which can be drawn from a given 
point to the curve, and will usually be denoted by m. 


The above theorem can therefore be stated as follows :— 


The Class of a curve ts, in general, n(n—1), or as we shall 
see later on, the degree of the reciprocal polar curve is n (n—1). 


83. Let us examine the case when the given point lies 
on the curve. We have seen (§72) that the first polar 
touches the curve at the given point. Hence that 
point courts as two of the intersections of the first polar 
with the curve. Therefore, the number of tangents (different 
from the tangent at the point) which can be drawn from 
the point to touch the curve elsewhere is n(n—1)—2, or. 
(n+ l)(n —2). Hence we obtain the theorem :— 


From any point on a curve, not more than (n+1)(n—2), 
or, m—2 tangents (excluding the tangent at the point) 
can be drawn to the curve. 


If the tangent at a point on a curve has a contact of 
the second order with the curve, če., if it be a point of 
inflexion on the curve, the tangent is to be regarded once 
as the tangent at the point and once as one of the tangents 
which can be drawn from the point tu the curve. Therefore, 
there can be drawn only (n+-1)(n—2)—1, or, xn(n—1)—3 
other tangents to the curve. 


Hence we obtain the theorem :— 


From a point of inflexion on a curve, only n(n—1)—3, or, 
m—3 tangents can be drawn to touch the curve elsewhere. 
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84. If, however, the point is a double point on the 
curve, we shall have to distinguish between the cases when 
(1) it is a node, (2) it is a cusp. 

Suppose the point is a node on the curve. We have 
seen that the first polar of a node has a node with the 
same nodal tangents atthe point. Therefore, the double 
point counts as six among the intersections of the 
first polar with the curve ‘§51). Of these, however, two 
belong to the two nodal tangents. 


Thus the number of tangents, exclusive of the nodal 
tangents, which can be drawn froma node to toueh a curve 
elsewhere is n(n—1l1)—4, or, m—4. 


Next, supvose that the point is acusp on the curve. 
The first polar has also a cusp at the point with the 
common cuspidal tangent. Hence the point counts as three 
amon, the intersections, besides the two which belong to the 
cuspidal tangent. 


Therefore the number of tangents, exclusive of the cuspidal 
tangent, which can be drawn from a cusp to touch a curve 
elsewhere is n(n—1)—3, or, m—3. 


In general, if the point is a multiple point of order k, 
there are k tangents at the point, each of which counts 
as two among the tangents which can be drawn from 
the point to the curve. Thus, the k tangents count 
as 2k tangents drawn from the point, and ntn—1)—2k 
or m—2k other tangents can %e drawn, distinct from 
the tangents at the multiple point, to touch the curve 
elsewhere. 


Ex. 1. Prove that the points of contact of tangents drawn from the 
point (h, k) to the curve z? + y3 =3 azy lie on a conic through the origin. 


Discuss the case when the point is at the origin. 


ke. 2. Show that the conic in Ex. 1 will bisect the angle between 
the nodal tangents, if h+k=0. 

Ex. 3. If the tangent at any point (w,, ,) on the cubic x? + y? +a? 
meets it again in (z., n), show that x,;0, + y,/y, +1=0. 
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85. The first polar of a point passes through every double 
point and its tangent at that point is harmonic conjugate 
of the line joining the double point with the pole with respect 
to the nodal tangents of the curve. 


The equation of a curve hav:ng the origin for a node, 
with the axes of w» and yas tangents, may be wrtten as 


f(z, y) maytu,tu,t...... +2, =0 
or, in the homogeneous form— 
f(x, y, 2) Œ ryz”? Hug" Hu," Fb... +u, =0. 
The first polar of any point («', y’, 2’) is— 

F(a, y, 2) = (a'y+y'x)z"*~? +lower powers of z=0 
which shows that the first polar passes through the origin 
(double point), and that its tangent at that point is— 

“'yty'x=9 (1) 

Now, the line joining the point (2’, y’, 2’) to the origin is 

s'y —y'2z=0 (2) 

The lines (1) and (2) are evidently harmonic conjugates 

with respect to the two axes, which are the nodal tangents.* 

If, however, the origin is a cusp, with the axis of y as 
the cuspidal tangent, the first polar becomes— 

F(a, y, z)=( a +y)2="~*+lower powers of z=0. 


. The axis of y («#=0) is also a tangent to the first 
polar, z.e., the first polar of any point touches the cuspidal 
tangent and meets the curve three times at a cusp. 

From what has been said in §82, it follows that the 
first. polar of a point passes through all the double points, 


etc., and the points of contact of tangents drawn from the 
given point to the curve. 


* Salmon, Conic Sections, § 57. 
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Ex. 1. Show that the points of contact of tangents drawn from the 
point (a, b) to the curve br? + ay? =1 lie on a circle. 


Ex. 2. The locus of points of contact of tangents drawn from any 
point to the system of curves y~Az° is a rectanguiar hyperbola. 
Ex. 3. Show that all the polar conics of the curve y=a,+a,z 


+a? +...... +a,%"* are parabolas. 


Ex. 4. Show that the points of contact of tangents drawn from the 
origin to the carve zy=az* + bx®y + cz7y? + dry’ +ey* are collinear. 


86. If the curve hasa multiple point of order k, that 
point will be a multiple point of order k—1 on the first polar, 
of order k—2 on the second polar, and so on. 


Let the origin bə a multiple point of order k on the 
curve. The equation of the curve is therefore of the form— 


fsu, Purga Furga soe ooo: oo +u, =0 


where u i9 a binary r-ic in x and y, or, in the homogeneous 
form— 


fms t purp TT eu, =O. 


The first polar of any point (z', y’, 2’) is— 


Fær gs + y Of +2’ gs =0 (1) 


The lowest terms in 2 and 3 are of degree (k—1) 
and those in os are of degree k in x and y. Therefore, the 
lowest terms in x and y being of degree kK—1 in (1), the 
origin is a multiple point of order k «1 on the curve F. 


Similarly, the lowest terms in the equation of the 
second polar are of degree k—2 in « nnd y, and so on, which 
proves the proposition, 
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87. It appears from the above that if «, has a square 
faccor %,, T.e., if ty =u, ? Uka; then this factor occurs also 
1n the lowest terms in the equation of the first polar. 


For, 1 Ura) 


Uy 


=," Our- 2 Ure ou 
a Ow 


=n, f u, oats +2046 a 





Similarly, Om =i { u ð as 72 42u, Ou, ? 
3 Oy ` l` by -> By 
Also the lowest terms in 3 contains wv, è as a factor. 


Thus the lowest terms in the equation of the first polar 
contain «, as a factor, and therefore un, =0 is a tangent to 
the first polar. Hence we obtain the following theorem :— 


If two tangents at a multiple point coincide, the coincident 
tangent touches the first polar of every point. 


In particular, the first polar of, any point touches the 
cuspidal tangent, as was proved in § 85. 


Again, if u, has any facter v, in the lth degree, t.e., if 
Ug ŒU, ‘t-11, 4, Will occur in the (l—l)th degree in the 
lowest terms of the equation of the first polar, in degree 
(1—2) in those of the second polar, and so on. 


Hence we conclude that, in general, if / tangents at the 
k-ple point on a curve coincide, the coincident tangent will 
appear as (I—1) coincident tangents at the multiple point 
of the first polar, as (l—2) coincident tangents at the 
multiple point of the second polar, and so on. 


14 
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Ex. 1, Show that the points of contact of tangents drawn from the 
point (0, —1, 1) to the cubic z? +y?” +2? +6vy2z=0 are collinear on 
the line y~z=0. 

Ex. 2. The points of contact of parallel tangents to a curve of 
the nth degree lie on a curve of the (n—1)th degree. (Serret.) 


(They lie on the first polar of a point at infinity.) 


Ex. 3. The polar conics of two points A, B with regard toa cubic 
curve are rectangular hyperbolas. Prove that the line AB has four 
poles, any one of which is the orthocentre of the triangle formed by 
the other three. 


Ex. 4. Prove that the properties of polar curves are unaltered by 
projection. 


Ex. 5. Show that the envelope of the polar lines of points on a 
given line w. 7, 4, an n-ic is of class (n—1). 


Ex. 6. Show that the tangents to the curve r"y*=a"*t" drawn 
from the point (a, B) touch the same at points lying on the hyperbola 


(m+ n)ry = nBx + may. 


CHAPTER V. 


COVARIANT Curves—Tue HESSIAN, THE STEINERIAN 
AND THE CAYLEYAN. 


88. lnu this Chapter we shall discuss the properties of 
three covariant curves—the Hessian, the Steinerian and 
the Cayleyan—which are geometrically associated with a 
given curve and can be derived from it by geometrical 
processes. Professor J. Steiner * in a paper in 1854 discussed 
a number of general properties of these curves which 
were, however, studied in detail by subsequent writers. 
Prior to him, Hesse t studied the properties of the first 
curve, which is named after him—the Hessian, and the third 
one was studied by Cayley for a curve of the third order.} 
Cremona calls the second and the third curves the Steinerian 
and the Cayleyan respectively of the given curve. 


In the second fundamental theorem, as he calls it, 
Steiner states a number of properties of polar curves the 
following, among others, is of special importance : 


If the kth polar of a point A w.r.t a given curve has a double 
point at another point B, then the (n—k—1)th polar of B has 
a double point at A. 


From this again, he enunciates the two theorems: 


The locus of a point whose first polar has a double 
point is a curve of order 3 (n—2)?, and the locus of 


* J. Steiner— Allgemeine Eigenschaften der algebraischen Curven— 
Crelle, Bd. 47 (1854), pp. 1-6. (Abgedruckt aus dem Monatsbericht 
der hiesigen Akademie der Wissenschaften vom August, 1848.) 


t Dr. Otto Hesse—Uber die Elimination, etc.,—Crelle, Bd. 28 (1844), 
pp. 68-107. 
f Cayley—Memoire sur les courbes du troisiċme ordre.—Journal de 


Mathematiques pures ot appliqués (Paris), Vol. (1) 9 (1844), pp. 285-293, 
or, Coll. works—Vol. I, p. 183, and Vol. II, p. 385. 
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the double point is a curve of order 3(n—2), which is 
consequently the locus of points whose (n—2)th polar has 
a double point. These two loci are called by him “ Conju- 
girte Kern-curven.” The line joining the two points A and 
B envelopes a third curve, which is of the same class as 
the locus of A. 


The locus of A is called the Stecnerian, that of B, the 
Hessian, while the envelope of AB is called the Cayleyan. 
The nodal tangents of the first polars, again, envelope 
a fourth curve. The points A and B are said to be 
corresponding points. We shall now proceed to consider 
the properties of the first three curves,* one after the other. 


Ew. The Hessiam passes through the points of inflexion, while 
the Steinerian and the Cayleyan touch the inflexional tangents of 
the given curve, 


89. Let fbe any quantic in the variables 2, y, z, and 
let f,» fas fa denote its first differential co-efficients with 
regard to z, y,z respectively. Iff,,,f10:f15, etc., denote 
the second differentia! co-efficients of f with respect to the 
same variables, then the determinant— 


HS ) fin fis Sis 
far Sao fas 
fsı fsa fas 

is called the Hessian t of f. 


* These curves were studied geometrically by Cremona in his 
Introduzione ad una teoria geom delle curve piane, and analytically by 
Clebsch—Crelle, Bd. 59 (1861), p. 125, and Bd. 64 (1865), pp. 288-293. 


t It is called the Hessian, because it was first studied by the 
German Mathematician Dr, Otto Hesse. It is a covariant function of f 
(Elliot, Algebra of Quantics § 11), and has important applications ia the 
theory of curves. The loous denoted by H=0 is called the Hessian of 
the curve f=0. 
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90. The Hessian of a curve is the locus of points whose 
polar conics break up into two right lines. . 
The polar conic of any point (z2’, y', 2’) is A’*f=0, or, 
Q æ? $b! yr te! z? Hf yz429! c24-2 h'xy=0 
where a’, b', c’, etc., denote the second differential co-efficients 


fais Faas fsa, etc., with respect to z’, y’, 2’. 


If this breaks up into two right lines, its discriminant 
must vanish, 7.e., we must have— 


SF ag Tis Tas =0 
Fas Fae Tas 


: f 1 f's 2 f; 8 
Therefore the locus of the point (2’, y’, 2’) is— 


Ha] fi. fia fia |=0 
Far fae fas 


fs 1 fs 2 Ía 3 
which is called the Hessian of f=0. 


Since each of the functions f,,, f,,, etc, is of order 
(n—2) in the variables, and the determinant is of order 
three in the functions f,,, fia, etc., the determinant equation 
is of the 2(n—2)th order in the variables. Thus the degree 
of the Hessian is 3(n—2). 


Ex, 1. Find the Hessians of the following curves: 
(i) z? + y=2y(a+y+2) (it) (a +y +z)? +6kryz=0 


(iii) (yz +æ?) = wy, 


Ev. 2. Find an expression for the Hessian of a curve of order n 
defined by the explicit equation— 


y=f (2). 


Ex, 3, Show that the Hessian of a cubic is also a cubic curve. 
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Ex. 4, Find the Hessian of the curve defined by its polar equation 
f (r, 0)=0. 


Ea. 5. Show that the class of the Hessian of a curve having no 
singular point is 3 (n—2) (8n—7). 


91. Proceeding as in the preceding Article, we may 
obtain the locus of points whose polar conics are— 


(2) parabolas, (it) rectangular hyperbolas. 
(7) The polar conic of the point (a’, y’, z') being 
a æ? Ab y? te c242flyz+2y' zet 2h'ry=0 (1) 
the condition * that this represents a parabola is— 


/ 


| a! h' g a \=0 
| | 
| 


= 


/ b' f' b | 
ee 
ta b c 0 | 


where a’, b', c’,... have the singificance of §90, and a, b, c 
denote the sides of the fundamental triangle. 


Thus the locus of points whose polar conics are parabolas 
is obtained in the form : 


fir fia fis a [=O 
for Jar Jis © 


faa Íss Tss 
a b c 0 


(e) 


In Cartesian co-ordinates, however, this equation becomes 


JaJa (fu) 


* Salmon’s Conics, § 285. 
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The degree of this equation is evidently 2(n—2%), and 
tuerefore the locus is a 2(n—2)-ie. This intersects the 
n-ic in 2n(n—2) points, whose polar conics are parabolas. 
Hence we have the theorem that on an n-tc, there are 2n(n—2) 
points whose polar conics are parabolas. 


If, however, the -ïc has a cusp, its polar conic is the 
cuspidal tangent taken twice, which is then to he regarded 
as a degenerate parabola. 


Since the locus intersects the -ic in two points at a cusp, 
and in 2n(n—2)—2 other points, the number of points on an 
n-tc with x cusps which have non-degenerate parabolas as 
polar conics becomes 2n (n—2)— 2k. 


When the curve is unicursal, and its double points are all 
cusps, this number becomes, 


2n(n—2)—(n—1) (n—2)=(n—2) (n+1) 


Proceeding in the same way, it can be shown that there 
are (n—2)? points in the plane of an 2-¢c whose polar conics 
are circles. 


In Cartesian co-ordinates the equations giving the points 
are 


fir=fe. and f,,=0. 


Er. 1. The locns of a point whose polar conic with respect to r 
given n-ic touches a given line is a 2(n —2)-ic. 


In the case of a cubic, the locus is a conic, which is called the pole 
conic of the line, 


Ex. 2, The locus of points whose polar conics with respect to a 
cubic are rectangular byperbolas is a straight line, but the locns is a 
Conic for pginta whose polar conica are parabolas. 


Ex, 3. Show that the polar conie of a point with respect to the 
cubic z’ + y3 =a(c? + y?) will be a circle, if the point lies on the line 
t=yŅ, 

Ez. 4. Ifthe polar conic of A w.r.t. a cubic has its centre at B, the 
polar conic of B will have its centre at A, 


112 THEORY OF PLANE CURVES 


(722) The condition* that the polar conic (1) is a rec- 
tangular hyperbola is— 


api Zp! __ 1 8A’ E ' 
b°b'+c : 2bCf nog A+? c+a*%a 2cag' sos B 


a b? 
B al 3 ae ’ 
efu a cos C=0 

where A, B, C are the angles of the fundamental triangle. 

This is a linear function of a’, b', c’, ete. ; and each of these 
functions being of order (n—2) in the variables, the locus is 
a curve of order (n—2), which intersects the n-7c in n(n—2) 
points. Hence there are n(n—2) points on an n-tc whose 
polar conics are rectangular hyperbolas. In Cartesian 
co-ordinates, however, the equation of the locus becomes— 


fia tfaa =0. 


92. If the first polar of a point A (x', y',z') has a double 
point at B (&", Y”, 2”), then the polar conic of B has a double 
point at A. 


The first polar of A (2’, y’, z’) is— 


ap ðf , Of ' OF _ 
Fee are are 5z =0. 


If this has a double point at B/a”, y”, 2”), the first differen- 
tial co-efficients of F should vanish at (u”, y”, 2”) ($ 47). 


Therefore, we must have— 


1.6.5 af", ity’, 2 +27", s = 
Uf a tYS sa tefa =0 r (1) 


| 
a’ a i Hyf”; +2'f", i =0 ) 


* Agkwith—Analytical Geometry of the Conic Sections, § 276, 
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A gain, the polar conic of B (2, y”, z”) is— 
Cah ert fay? HS ss taps yz 2f's 2e+ 2h", gry E0. 


If this has a double point at A (2’, y’, 2’), we must have 


t.e., x'f” 1 +y'f", a +2'f", 3 l 
ofa +y' a +2'f", »=0 
wf’ sty hss +2'f",5, =O) 


(2) 


The conditions (1) and (2) are the same, whence the 
truth of the theorem follows. 


If we eliminate (.«', y’, 2’) between the equations (1) 
or (2), we obtain the locus of B (a, y”, z”), which is the 
Hessian of f=0, 


93. THE STEINERIAN: 


If, however, we eliminate (.”,y’,2”) between the same 
equations, we obtain the locus of (2a’, y’, z’), which is called 
the Steznerian, after the name of the German Mathematician 
Steiner. Thus, the Steinerian is the locus of points whose 
first polars have double points, or it is the locus of points of 
intersection of each pair of lines which constitute the polar 
conic of a point on the Hessian. The degree of the 
Steinerian is 3(n—2)*. For, the resultant of three equations 
of orders m, n, p in three variables is of degree np in the 
co-efficients of the first, of degree mp in those of the second 
and of degree mn in the co-efficients of the third.* Each of 
the above three equations is of degree (n—2) in the variables 
(x, y”, z"). Therefore the co-efficients of each equation 


* Clebsch—Legons sur la Géomérie, Tom II, p. 13. 
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occur in degree (n—2)? inthe resultant. But the co-efficients 
of each are linear functions of «’, y’, z. Thus the resultant 
is of degree 3(m—2)* in (c’, y’, 2’), and therefore the order 
of the Steinerian is 3(n—2)?. Its class is 3(n—1)(n—2). 

In the case of a cubic curve, however, the first polar is its 
polar conic, and therefore the Steinerian S=0 and the 
Hessian H =0 coincide, both being the locus of double points 
of polar conics. 

From what has been said above we may enunciate the 
folluwing definitions :— 

The Steinervan S=0 is the locus of the double points of 
polar conics, or, the locus of points whose first polars have double 
points. 

Similarly, the Hessian H=0 is the locus of the double points 
of first polars, or, the locus of points whose (n—2)th polars have 
double points. 


94, The Steinerian* may again be defined as the envelope 
of lines two of whose poles coincide, and the locus of these 
coincident poles is the Hessian. 

Let €e+ny+@:=0 (l) be a line, two of whose poles 
coincide at P(x’, y’, z’). 

Since the line (1) is the polar line of P, it must be 
identical with— 


2—, +y—— +:— =0 (2) 


Identifying the equations (1) and (2), we obtain 


ƏS, OFF e:n: 
Ou’ ay ð Sinig 


* See Clebsch—“ Ueber einige von Steiner behandelte Carven ”— 
Crelle—Bd, 64, pp. 288-290. 
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Hence, the given line (1) is the polar line of each of the 
(n—1)* intersections of the two curves— 


Of ç Of 3 
EF, oa, (3) 
and nel =e (4) 


which are evidently the first polars of (¢,0,—&) and 
(0, £,—7), which are points on the line (1 If two poles of 
(1) coincide at P, the curves (3) and .4) must touch at P. 


Now, the tangents to (3) and (4) at P are— 
elél si éf) FYES sa tfaa) te F5s— OF 15) =0 9) 
e(nfisi—ofai ty tH sa Fas t: (uf s3— Sh a3) =O o (6) 


Identifying (5) and (6°, and eliminating é. 7. E between 
the relations thus obtained, we obtain the locus of (4, y’, 2'), 
which is the Hessian. 

Again, eliminating x’, y', :' between the same relations, 
we obtain a relation between €, 7, ¢, which is the tangential 
equation of the Steinerian. 

Hence we obtain the theorem : 

The Steinertan ts the envelope of polar lines of all points on 
the Hessian with respect to the original curve, and it touches the 
inflectional tangents of the curve. 


For a curve*of the third order this theorem becomes— 


The polar line of a point on the Hessian w.r.t. the cubre 
touches the Hessian at the double point of the polar conic of the 
point, i.e., at the corresponding point. 


95, That the Steinerian is the envelope of lines two of 
whose poles coincide may be otherwise shown as follows :— 


qeT first polar of any point (a’, y’, 2’) is— 


o'f +yfit:f, =(--:- (1) 


116 THEORY OF PLANE CURVES 


The first polar of any consecutive point— 

(a! +80’, y'+8y', 2 +52’) 
on the Steinerian is— 

(a $8.0" if, H +8y Vf + (2! +82"), =0 
82) f, +y. f, +62’ f, =0 (2) 
From (1) and (2) we obtain— 
fit fa © faye! —2'by') : (2'80 082!) + (a!8y'—y'8e') (3) 
=¢ . q : £ (say). 


t.e. fı : fa : fa are proportional to the co-ordinates (£, n, <¢) 
of the tangent to the Steinerian. If the: two first polars (1) 
and (2) meet at the point (.”, y”, z”), two poles coincide at 
this point, which lies on the Hessian, and we have 


Seyfert fs Sa (4) 


From (l) it follows, therefore, that, if («’, y’, 2’) are 
made current, the equation (1) represents the tangent 
to the Steinerian which, again, in virtue of the relations 
(4) represents the polar line of the point (w”, y”, 2”) 
on the Hessian. Thus, corresponding to each point 
(x", y”, 2”) on the Hessian, we obtain a tangent to 
the Steinerian, and in fact, the polar line of («”, y”, 2’) is 
identical with the tangent to the Steinerian. 


Eliminating (x, y, z) between the equatians (3) and the 
equation of the Hessian, we obtain the tangential equation 
of the Steinerian in terms of é, y, é. 


96. THE CLASS OF THE STEINERIAN : 


From what has been said above, the class of the 
Steinerian can be easily determined. Since the polar lines 
of points on the Hessian are tangents to the Steinerian, if 
P is a fixed point on one of these tangents, the first polar 
of P with respect to the original curve must pass through 
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the coincident poles of the tangent, which he on the 
Hessian. Therefore a tangent to the Steinerian, drawn 
through P, corresponds to a point of intersection of the first 
polar of P with the Hessian. But the first polar is of order 
(n—1), and the Hessian of order 3(n—2). Therefore they 
intersect, in general, in 3:n—1)(n—2) points, which give as 
many tangents of the Steinerian drawn from the point P, or, 
in other words, the class of the Stetnerzan ts 3(n—1)(n—2). 


If, however, the original curve has ô nodes and «x cusps, 
it may be shown that each node counts as two, and each cusp 
as four of the intersections of the first polar and the Hessian. 
Therefore, the two curves will intersect in only 


3(n—1)(n—2) —28—4x« 


other points, and consequently the class of the Steinerian is 


reduced to— 
3(n —1)(n—2) — 25 — 4x 


97. We may prove here the following more general 
theorem : 

The class and order of a curve Y, which is enveloped by the 
polar lines, with respect to the original n-ic f=0, of points on 
a curve $=0, of order m, are m(n—1) and m(2n+m—5) 
respectively. 


The class of the envelope in question is determined by 
the number of tangents which pass through any fixed point 
(2’, y’, 2’). Since the point lies on the polar line of a point 
on @=0, the corresponding point on @ must therefore lie 
on the first polar of the point (æ', y’, 2’), which is of order 
(n—1). Therefore, the number of tangents is equal to the 
number of intersections of 6=0 with the first polar curve 
of (x', y’, 2’) with respect to the original curve f=0, 


fe with I of Í gy = 2! ol =0 (1) 


These two curves evidently intersect in m(n—1) points, and 
consequently, the class of the curve y is m(n—1). 
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In order to determine the order of y, we take the point 
(«', y, 2)on any line such that two consecutive tangents 
pass through the point, which therefore lies on the 
curve y. In this case the two points of intersection of 6=0 
and (1) will be consecutive points, since to each such point 
of intersection corresponds one of the tangents. Therefore, 
the first polars of points on the curve y, enveloped by the 
polar lines of ¢, touch this latter curve. The condition 
that the two curves 6=0 and (1) should touch is of degree 
n(2n+-m—5d) in the co-efficients of (1), ¢.e., the condition 
contains (2',y',2') in the degree m(2n+m—5), which 
equated to zero gives the locus of points (2’, y’, 2’), whose 
first polars touch @?=0, 7.e., gives the curve w=0 in 
point co-ordinates. 


Hence, the order of y is m(2n-+-m—5), * 


If, however, ¢=0 is the Hessian, and w=0 is the 
Steinerian, the class and order of y are respectively found 
to be 

3(n—2)(n—1) and 3(n—2){2n4+3(n—2)—5} 


t.e., 3(n—1)(n—2) and 3(n—2)(5n—11). 


But, as shown before, the order of the Steinerian is 3(7—2)?® ; 
this difference is explained by the fact that, when the point 
(x, y’, 2/) lies on an inflexional tangent, two consecutive 
tangents through it coincide with the inflexional tangent of 
yw. Therefore, the inflexional tangents of the Steinerian 
also occur in the equation of the locus obtained, which, 
however, are not, in general, to be regarded as forming the 
part of a curve given in line co-ordinates. 


* The locus obtained contains also the inflexional tangents, since 
at any point on an inflexional tangent, two consecutive tangents meet, 
and consequently such a point will satisfy the condition of the problem, 
but sach tangents are not to be regarded as part of the locus. 


+ Two tangents are also coincident with a bitangent, but they 
are not consecutive. 
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Hence, we obtain the theorem : 


The locus of points whose first polars touch the Hessian is 
composed of two parts——the Steinerian of order 3(n—2)*, and 
another curve of order 


3(n—2)(5n—11) —3(n—2)* =3(n—2)(4n—9) 


which is the product of the inflexional tangents of the Steinerian. 


It should be noted, however, that the first polars of 
points on the inflexional tangents have proper contact with 
the Hessian, while the first polars of points on the 
Steinerian have double points on the Hessian, and con- 
sequently there is no contact in the proper sense, although 
the analytical condition for contact is satisfied at sucha 
point. 


Therefore the number of inflexional tangents of the 
Steinerian is 3(n—2)(4n—9). 


98. From what has been said above it follows that, if 
the Steinerian has a double point, that corresponds to two 
different points on the Hessian, and conversely, if to two 
different points on the Hessian, there corresponds the same 
point on the Steinerian, it is a double point on this 
latter. But, as will be shewn later, the Steinerian has 
$(n—2)(n—3) (3n? —9n— 5) double points, and the first polar 
of each double point has two double points on the Hessian. 

Therefore, there are 3(n—2)(n—3 (3n? —9n—5) first 
polars with two double points, and the corresponding poles are 
the double points on the Steinerian. The two nodal tangents 
of the Steinerian are the polar lines of the two corresponding 
points of the Hessian. It can be proved, in a similar 
manner, that there are 12(n—2)(n—3) first polars which 
have cusps; the corresponding poles are cusps on the 
Steinerian and the cuspidal tangents touch the Hessian at 
those points.” 


* Clebsch—Lecons sur la Géométrie, Tom IT, pp. 87-90, 
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99. THEOREM: 


The tangent to the second polar of a point on the Steinerian 
touches the Hessian at the corresponding point. 


Let A(z’, y, 2’) be a point on the Steinerian, and 
B(a", y”, 2”) the corresponding point on the Hessian. Then 
we have the equations (1) of § 92 satisfied. 


Now, the second polar of A is the first polar of the first 
polar of A, and its equation is, therefore, 


eee fe. ee ee ae ee 


tery fia Hy faa tHe fast aria y H2fa sys +2, a'w =. 


The tangent of ¢ at the point B (2”, y”, 2”) is— 


. O¢_, OF OTF BE i 
(RAT " ðu 3 +y A'u x" Oy n 0 2’ 0x" 


O¢_, OF OF 
” Ox" Oy” +y Oy"? $ 0y” 02" 


DS p O'E yy OF gy dF 
ð” a ð 2! O x" +y Oyo?” +z 0 2”? 


which, in virtue of the relations (2) § 92, are found to be 
proportional to the co-ordinates of the tangent to the 
Hessian at (2”, y”, z”) 
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Hence, the tangent to the second polar of A touches the 
Hessian at B. 


Since the second polar of A is the first polar of the first 
polar of the same point, and the first polar of A has a double 
point at B, from § 85 we obtain the following theorem :— 


The tangent of the Hessian at B is the harmonic conjugate 
of the line BA with respect to the nodal tangents of the first 
polar at that point. 


There is no scope for a detailed discussion of the 
verious properties of the Steinerian and other covariant 
curves, which have been thoroughly studied by Cremona * 


100. THE CayLeyan Ë: 

The line joining the point A («’', y', 2’), © point on the 
Steinerian, with the double point B («”, y”, 2”) of its first 
polar (which is a point on the Hessian) envelopes a third 
curve, which is called the Cayleyan of the original curve. 
The two points A and B are called the corresponding points. 


Thus, the Cayleyan may be defined as the envelope of lines 
joining points on the Steinertan with their corresponding points 


on the Hessian. 


The degree of the Cayleyan is 3(n—2)(5n—I11), and 
its class is 3(n—1)(m—2). It isin fact a contravariant of 
the original curve. The determination ofthe order { of the 
Cayleyan presents some difficulty, and is not consequently 
attempted here. We propose to take up a detailed 
study of the properties of the Hessian, the Cayleyan and 
the Steinerian on a future occasion. 


* Cremona—lIntroduzione ad una teoria Geometrica delle curve 
piane. Also Clebsch— Leçons, Tom II, Chap. I. 

+ Cayley has studied the properties of this curve for a curve of the 
third order. Phil. Trans., Vol. CXLVII, 2nd part (1857). See also 
Steiner’s papers—Crelle’s Journal, Vol. 47. Prof. Cayley himself calls 
this curve the Steiner- Hessian, 

t Clebsech—Legons sur la Géométrie, T. 1I, pp. 79-82. 
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101. The class of the Cayleyancan be easily determined, 

Let (4, y’, 2’) and (0”, y”, 2”) be two corresponding points 
on the Steinerian aud the Hessian respectively. The tangeut 
to the Cayleyan joins these two points. If the tangeut 
passes through a fixed point (£, y, €). we may take— 


NE + pe” 
y' =An+py” 
=A + pz” 


Substituting these values of (2’. y’, >’) in the equation (1) 
of §92, we find— 


wf” HAC” EFF: ants”; 4) =p", +A, =0 D 

’ n on | 
PP AAP sét ths 5S) Eei Ap =O x 1) 
wh” s HN Fa EAS 9 +S" 5 36) Enf HAPS —() 


whence, eliminating A, u, we obtain the equations— 


J'as — bf" =9 | 


| 
fsdi- $ fn 1 j (2) 
ipae": =0 J 
which give the corresponding values of (w", y”, 2”). 

The number of common roots of equations (2) will give 
the required number of tangents which can be drawn from 
(6,7, ¢€) to the curve. But the common roots of the first 
two are (2n—3)? in number, from which we must exclude 
the (71—1)(x—2) common roots of the equations f,=0. 
$, =0, for they satisfy the first two equations and not the 
third. We must also exclude the case when the point 
(x, y’, z’) coincides with (é, n, ¢), for that is also a root, but 
is evidently illusory, as it does not give a definite result. 
Hence the number of common roots 


= (2n—3)* —(n—1)(n—2)—1 
=3(n—1)(n—2) 
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and any of these roots corresponds to a tangent of the 
Cayleyan passing through (é, n, £). 

Thus the class of the Cayleyan ts 3(n—1)(n—2). 

That the class of the Cayleyan is 3(n—1)(n—2) can 


very easily be shown by means of C hasle’s “ correspondence 
formula,” which will be explained in a subsequent, chapter. 


Ex. 1. Prove that the Steinerinn and the Cayleyan tonch the 
inflexional tangenta. 

Ex. 2. Show that the equation of the Cayleyan of the cubic 

ett y? +z” +6moyz=0 is m(E? +? +) + (1-4) Eng =O, 

Ex. 3. Show that the sides of the triangle of reference constitute 

the Hessian and Steinerian of the curve— 
(uja)* +(yjb)" + (zic)" =0 

and the Cayloyan degenerates into the vertices, 


Ev, 4. A and B are two corresponding points on the Steinerian and 
the Hessian respectively. Prove that 


(i) The tangent at A to the Steinerian is the harmonic conjugate of 
AB for the degenerate polar conic of B. 


(ii) Tf AB touches the Hessian at B, it touches the Cayleyan ac B. 


102. The Hessian passes through all the double points on 
the curve. 


We have seen (§72) that the polar conic of a double 
point breaks up into two right lines. But the Hessian is the 
locus of points whose polar comics are two right lines. 
Consequently the donble point must be a point on the 
Hessian. 


Or, we may proceed directly as follows :-— 
Let (2’, y’, 2’) be a double point on the cnrve f=0. 
Then, by §47, we must have— 
dfo. fao Bf x0 
ro Oy ð z 
t.e., Ts =e = =0. 
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But, by Euler’s theorem on homogeneous functions, 
wf tyfistefisa—lf,=0 ~ 
wf sr tyfastefssH—Df, =0 i 
uf styl sa tefa mlS E0 J 

Eliminating (.’, y’, 2’) between these equations, we obtain 

nS fir Fas fhas [=9 

Fsi faa fas 

ee Pie Pasi 


which shows that («’, y’, 2’) is a point on the Hessian. 





103. Every node on u curve is a node on the Hessian with 
the same nodal tangents. 

The equation of a curve, having the origin as a node with 
the axes of x and y as nodal tangents, may be written in the 
homogeneous form as— 


F= cyz" +uyz" 3 +... 44, 20 (1) 


Now, OE yt t+ isarog 


OF Lnn- gp Oty ees 
ay + By. +... 


OF 
F =(n—2)e yz" 4 (n—=3)ju z" t F.. 


Therefore, we hare— 
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c= SS =(n—2)(n—-3)ays* "t+... 
f os =(n—2)vz*-5 4 


g = ox, =(n—2)yz"? + (n—3) Otsene +... 


Oo ?F + O'u, 
Ouvdy Oxdy 


aiad 








The equation of the Hessian may be written as— 
abe + 2fgh—af? —bg* — ch? =0. we (2) 


Now, the orders of the lowest terms in the second 
differential co-efficients a, b, c, etc., are respectively 1, 1, 2, 
1, 1, 0. 


~ The order of the lowest terms in abc is 14+14+2=4 


T P s fgh is 14+1+40=2 
T T ‘3 af? is 142=3 
7 i F bg? is 142=3 
” +3 P ch? is 2+4+0=2 


Thus it is seen that the order in the variables of the 
lowest terms in the equation (2) of the Hessian is two, and 
the origin is consequently a double point on the Hessian. 


Again, the lowest terms in (2) occur only in fgh and ch?, 
each of which contains zy as a factor. 

Therefore the origin is a node on the Hessian with the 
axes as tangents, which are also the nodal tangents to the 
given curve. 
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It is to be noted that a node on a curve counts as six of 
its intersections with the Hessian. (§51.) 


Ex. Consider the curve x? + y? = 3azyz (Folium of Descartes). 


The Hessian is Harn? + y? + axyx=0, which is another curve of the 
same form, whose loop lies on the opposite side. Both the curves have 
a node at the origin with the axes of x and y as tangents. 


104. Every cusp on a curve is a triple point on the Hessian, 
and two of the tangents at the triple point coincide with the 
cuspidal tangent. 

The equation of a curve having the origin for a cusp 
with the axis of y as the cuspidal tangent is— 


Fær?” pu," i+. p-u, =0 


Now, the second differential co-efficients are respectively 
aa2z*-24..,,, b= Ous aes., 
c=(n=2)(n—=3)e?z:" t 4... 


‘ae (9, —— 3 Osage =2(n—= 2) ez" 3 +,,., 
f=(n ) Sy g = 2( Ja 


3 
h= ð tus a a 
Ox2dy 


oee 


The orders of the lowest terms in the second differ- 
ential co-efficients a, b, c, etc., are therefore 0, 1, 2, 2, 1, 1. 
respectively. 


Hence it is seen that the order of the lowest terms in 
the equation of the Hessian abc+2fgh—af*? —bg*—ch* =0 is 
three. Thus the equation of the Hessian vegins with the 
third order terms, and consequently the origin isa triple 
point on the Hessian. 


Again, the lowest terms occur only in abc and bg?, and 
each of these contains v? as a factor, Hence the cuspidal 
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tangent occurs also as two coincident tangents to the 
Hessian at the triple point. Thus the triple point on the 
Hessian arises from a cusp with a simple branch passing 
through it, and two of the tangents at the triple point on the 
Hessian coincide with the cuspidal tangent of the original 
curve. 


İt is to be noted that a cusp on a curve counts as eight 
of its intersections with the Hessian ($51). 


Ex. Consider the curve (e? + y*)=2ky? (the Cissiod). 

The origin is a cusp, y =0 being the cuspida] tangent. The Hesgsiau 
is vy? =0, which has a triple point at the origin, two tangents at which 
are coincident with the cuspidal tangent m0, 


105. A multiple point of order k on a curre is a mal- 
tiple point of order 3k—4 on the Hessian, and the tangents at 
the multiple point are tangents to the Hessian. 


The equation of a curve, having the origin for a multiple 
point of order i. with the axis of y for one of the tangents, is 


| O_o ne Sn eaa TT Se +n, =0. 


The degree of the second differential co-efficients may 
be determined as follows :~- 


Where there are two differentiations with respect to 
z or y, the degree of the lowest terms will he A—2; 
where there is one differentiation with respect to : and one 
with respect to z or y, the degree is k—1: and where 
both differentiations are performed with respect to z, the 
degree is k. Thus the degree of the lowest terms will be 
k—2 in a, k—2 in b, k in c, k—1 in f, k—l1 in g, and k—2in h. 

Hence the degree of the lowest terms in the equation of 
the Hessian abc+2fgh—af?—bg?—ch*?=0 will be 3k—4. 
Therefore the origin is a multiple point of order 3k—4 on the 
Hessian. 


. Further, the lowest terms in the equation of the curve 
k contain x as a factor. Then it is evident that « will be 
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a factor in the lowest terms of each of the second differ- 
entials in which no differentiation has been performed with 
respect to w, t.e., a will be a factor in b, c and f. But every 
term of abc-+2fgh—af?—bg?—ch* contains either b, corf, 
Therefore, the lowest terms in the equation of the Hessian 
contain z as a factor, and conseqently z=0 is a tangent to 
the Hessian. Similarly, it can be shown that all the 
tangents at the multiple point on the curve are tangents 
to the Hessian.* 


106. Harmonic POLAR or a POINT or INFLEXION: 


We have seen (§71) that the polar conic of the 
origin is n(n—1)u,+2(n—1)u,+2u,=0. If the origin is 
a point of inflexion on the curve, we must have— 

to =0, u, =u, 
Therefore the equation of the polar conic becomes— 
{(n—1)+v,} u, =0 
i.e., the polar conic breaks up into two right lines, one of 
which is the tangent n, =0. and the other is the line 
(n—1)+v,=0, which is called the Harmonic polar of the 
point of inflexion. It follows, therefore, that the origin, 


which is a point of inflexion on the given curve, is a point on 
the Hessian. 


* We have geen that if the point of intersection of two curves 
ia a multiple point of order k on one and of order lon the other, the 
point counts as kl of the intersections of the two carves. If they have 
y tangents common, the point counts as kl+7 intersections (§51). 
In the present case, a multiple point of order k on the curve isa 
multiple point of order (3k—4) on the Hessian, and moreover, they 
have k tangents common. Therefore, the point ccunts as k(38k—4)+h 


or 3k(k—1) intersections. But 3k(k—1) =6. E-D) ; and also we 


have seen that a node on the curve counts as 6 intersections with 
ita Hessian. Therefore tke multiple point may be regarded as result- 
ing from'the* union of — nodes, a result we have otherwise 
obtained in §46. 
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107. NUMBER OF POINTS OF INFLEXION ON AN ne-we: 


The points of inflexion on a curve are the points of intersec- 
tion of the curve with its Hessian, and their number ts 8n(n—2), 
when the curve has no singular points, 


Let us examine the conditions when the line joining 
two given points (æ, y, z) and (w’, y’, 2’) intersects the curve 
in three consecutive points. The coordinates of any point 
on the line are A r+ pz’, Ayt+py’, `+p". Substituting these 
values for v, y,z in the equation f (x, y, 2) =Oof the curve, we 
obtain the equation (1) or (2) of § 63 to determine the ratio 
AX: p. If the point (v, y’, 2") lies on the curve, f’=0, and 
one value of À : u is zero. If further A'f'=0 and A”f =0, 
two other roots will be zero, and the line will meet the curve 
in three coincident points at (x', y’, 2’). Therefore, in this 
case, (c’, y, z'), which is a variable point, satisfies both 
Af =0, A’*f'=0. 

The first condition shows that it lies on the line A’'f =0, 
ie, on the tangent at (.’, y’, 2’). The second condition 
requires that it lies on the polar conic of (w’, y’, z’).- Combin- 
ing these two conditions, it follows that the polar conic breaks 
up into two right lines, one of which is the tangent at the 
point. Hence the point (v’, y’, 2) is a point on the Hessian, 
or, what is the same thing that— 


The Hessian passes through the points of inflexion on a curve. 


Now, the degree of the Hessian is 3(1—2), and there- 
fore it intersects the curve of the nth degree in 3x(n- 2) 
points. If the curve has no other singularities, this must 
exactly be the number of points of inflexion on the curve. If, 
however, the curve possesses other singularities, this 
number must be reduced. 

Ex. 1. Determine the points of inflexion on a curve defined by its 
polar equation. 


Ex. 2. Show that the abscissae of the points of inflexion on the 
,ourve y"=f(2) are the roots of the equation 


n—] ~ 3 r w. 
ZUOP a). 
17 
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108. DISCRIMINATION OF A DOUBLE POINT FROM A POINT 
OF INFLEXION : 


We have seen that the polar conics of both the double 
point and the point of inflexion break up into right lines, and 
consequently both must lie on the Hessian. Therefore, it is 
necessary to devise means of discriminating whether a 
point on a curve is a double point or a point of inflexion. 
There are various ways of doing this :— 


(a) If we transfer the origin to the point in question, 
the lowest degree terms in the transformed equation 
will be linear, if the origin is a point of inflexion; and 
further in this case, the terms of the second degree will 
contain the linear terms as a factor. But if it is a double 
point, the linear terms will be absent from the equation, 
and the lowest terms will be a quadratic. 


(b) The polar conic of a double point breaks up into 
two right lines—the nodal tangents, which are also nodal 
tangents to the Hessian. But the polar conic of a point 
of inflexion breaks up into two right lines, one of which 
is the tangent at the point, and the other does not, in 
general, pass through the point, and the point is an ordinary 
point on the Hessian. 


(c) At a double point («’, y’, 2’), we have— 


while at a point of inflexion these functions do not all vanish, 
but have definite values, and are proportional to the 
coordinates of the tangent at the point. 


Ex. Consider the curve x? = y?z. 


This is evidently a cubic, having the vertex C (0,0,1) as a cusp, with 
y=0 as the cuspidal tangent, while the vertex B is a point of inflexion, 
with the inflexional tangent z=0. The Hessian is evidently xy*=0, 
which passes through A, B, C, and therefore intersects the cubic at B 
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and C. Hence Band C may be either double points or points of inflexion. 
To determine this, we see that the first differential co-efficients al? 





vanish at C, and therefore it is a double point, evidently a cusp, with 
the cuspidal tangent y=0, common to the curve and the Hessian. At 
the point B, however, 


ro es ao 
2: = — 4? = —] 


i.e., these functions do not all vanish at B. Therefore the point 
B is a point of inflexion, with z=0 as the inflexional tangent. The 
form of the curve is shown in the accompanying figure. 


109, THEOREM : 


On the polar line of any point A, there are always 
three different points, of which the first polars have points of 
inflexion at A. 


The polar line of a point A (c’, y’, 2’) is— 


r OF py Of Of — 
ET E TUY 0 (1) 


Let B (”,y’,z”) be a point on (1). 
The first polar of B is— 


Fo.” Of 4 Of 4. Of 29 (2) 


and it passes through A (§. 76,) 
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The Hessian of F is 
4 q AJ 
F 11 F 12 F 1% | 
Al 
F, 1 F 23 Bas | 
= ] 
Ezi Exs F 33 


The equation (3) involves (r”,y”,:") in the third order. 

Now, if A («’, y', 2’) is a point of inflexion on (2), (2’, y', 2’) 
must satisfy (3). Hence, if we consider (.«’, y’, 2’) as given, 
the locus of (vx, y”, 2”) is a curve of the third order given 
by (3). Also («”, y”, z”) is a point on the line (1). There- 
fore (#”, y”, 2”) is any one of the three points of intersection 
of the curve (3) with the line (1). 


110. If, however, the point R hes on a curve ¢=0, the 
points of inflexion of its first polar lie on a curve, whose 
equation is obtained by eliminating (w#”, y 
the equations (2), (3) and 


’. 2") between 


p (v”, Ji 2S0, 
If, in particular, p=0 is a straight line 

Ee + ny +é =0 (4) 
the eliminant is an equation O=0 (5) 
of order 6(n—2). Since (2) and (+) are each linear and 
(3) is of degree 3 in (&”, y”, z”), © is of degree 3 in the 
coefficients of (2), of degree I in the co-efficients of (3), 
and of degree 3 in those of (4). But the co-efficients of (2), 


(3) and (4) are of orders n—1, 3x—9 and O, respectively, 
whence the order of © in the variables is 


3(n—1) + Bu—9) +0=6(n—2). 


The first polars of all points on the line pass through 
(x—1)* common points, which are the poles of the line. 
But these (n—1)? points are triple points on the curve O 50. 
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For, from (2) and (4), the (n—1)? poles of the line are 
giver my Bs ae Bie a ; 

Ji Ja re ee ee 
When these are satisfied, the second partial differential co- 
efficients of © w, r, t. (a, y, z) vanish identically, z,e., A?@=0, 
which shows that (x, y, z) is a triple point on @=0*, 


If, on the other hand, (r, y, z) are regarded as constants 
in the equation ©=0, and £. y, ¢ as variables, the equation 
gives the product of the three linear factors, which equated 
to zero give the equations of the three poles, whose first 
polars have a point of inflexion at (x, y, 2). 


If the line envelopes a curve œ (é, n, ¢)=0, of class m, the 
(n—1)? points of intersection of the first polars describe the 
curve (fi, fas fs) =O, of order m(n—1). If, in particular, 
the line turns about a point (a, 8, y}. the curve described 
is the first polar of that point. 


111. Ifa curve has È nodes, the number of its pornts of 
inflexion cannot exceed 3n(n—2)— 68. 


The Hessian of a curve passes through all the double 
points and points of inflexion on a curve, and it intersects 
the curve in 3n(n—2) points, which include all these 
singularities. Buta node on a curve counts as six among 
the intersections of the curve with its Hessian (§103), and 
therefore the 8 nodes are equivalent to 68 intersections. 
Thus, the remaining 37(n—2)—65 intersections give only 
the points of inflexion. 


112. If a curre has « cusps, the number of its points of 
inflexion cannot exceed 3n(n—2) —Bx. 


Since each cusp counts as eight among the intersections 
of a curve with its Hessian (§ 104), the « cusps are 
equivalent to 8x intersections, and the Hessian intersects 
the curve only in 3n(n—2)—8x other points, which are the 
points of inflexion on the curve. 


* Clebsch—Legons, Tom II, p. 20, 
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Combining this with the result of the preceding article, 
we obtain the theorem : 


Ifa curve has 8 nodes and x cusps, the number of its points 
of infle rion cannot exceed 3n(n—2)—68—8x. 


Ez. 1. Form the Hessian of the curve r?(r? + y?)=a‘y?’, and find 
the points of inflexion. 

Ez. 2, Show that the carve ary +a?= zx? has a point of inflexion at 
the point where it cuts the axis of x, and show that the tangent at the 
point of inflexion is inclined to the axis of æ at an angle tan™ 13, 


Ez,3. Find the inflexions on the curve— 





Ex. 4. Show that the inflexions on the cubic (»* +a?) y=a’x are 
given by «=O and z= ta V3, 


Ex. 5. Find the points of inflexion on the curves— 
(i) 2e(x? + y?) =a(Qv? +y?) (it) æ? +y3sa3, 


(itt) a +(a—y)o* +a2y+a3=0, 


CHAPTER VI. 
PoLAR RECIPROCAL AND OTHER DERIVED CURVES. 


113. In Chapter I, we have enunciated the general 
principles of reciprocation.* The theory of point reciproca- 
tion has beer fully discussed by Salmon in his Treatise on 
Conic Sections, Chapter XV, and therefore it is not necessary 
to enter into a detailed discussion of the theory in the 
present work. We shall here study the properties of polar 
reciprocal curves mainly with reference to their singular 
points. At the outset, however, it is useful to recall the 
following definition : 

Suppose we have a certain conic, called the base-conic. 
The envelope of the polar line of any point on the given 
curve S is called the polar reciprocal S' of S with regard to 
the conic. The relation between S and 8’ is reciprocal, one 
being derived from the other by the same process. 

Let C=0 be the base-conic, and f=0 any given curve. 


Let the equation of a tangent to f be written in the form 
poe cos a+y sina (1) 


and the condition that this line touches the given curve 
be written in the form 


p=$(a) (2) 


If now (u', y’) be the pole of this tangent w.r t. C=0, 
the tangent (1) must be identical with the polar line of 
(a’, y’), ie. with 


f'a +yfy+2f,=0 (3) 
cosa __ =f 6 gna -f, 
p — f: and T = f 


* Poncelet—Mómoire sur la théorie generale des polaires 
réciprogaes etc. Crelle—Bd. IV, (1829) pp. 1—71. 
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whence LIN elias a and tan axl». 
p? f’. 


Therefore, the locus of («’, y’), i.e. the polar reciprocal 


of f is 
tear fo( tan’ YY 


The base C=0 may be any conic—a ci 3 le for example, 
and a point-circle, in particular; and in that case, the 
reciprocal is said to be taken w. r. ¢. the circle. 


In this case we may define the polar reciprocal curve in 
a different manner as follows: 


If OP be the perpendicular from the pole upon the 
tangent to a given curve, and if on OP or OP produced 
a point Q be taken such that OP. OQ =k? (const), the locus 
of Q is-called the reciprocal polar of the given curve with 
regard to a circle of radius k and centre at O. 


It is evident from this definition that the polar reciprocal 
curve is the inverse of the first positive pedal of the curve. 


Ex. 1. Find the polar reciprocal of the curve 
(@/a)" +(y,b)"=1 
with regard to 9 circle of radius k and centre at the origin. 


The condition that the line v cos a+ y sin a= p is a tangent to the 
curve is— 


(a cos a) oe (b sin a) ike =p aa 
If now r denotes the radius vector of the reciprocal polar, we have 
pr=k?*, and substituting the value of p in the above condition, we obtain 


(aca) Gs Sa. 


al Qu 


whence a aa “aN 
(ux) + (by) =k 
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If, in particular, m=2, the polar reciprocal of the ellipse 
vja? + y%ib? =] 


is found to be a?u? + b*y* =K¢, 


Ez. 2. Show that the polar reciprocal of the curve »"y“*=a"*" with 
regard to a circle whose centre is at the origin is another curve of the 
same kind. 


Ez. 3. Show that the polar reciprocal of the curve 7*”"=a™ cos m@ 
w.r.t. the hyperbola r*cos26=a? is 


m m 
mtl m mp 
: cosf ——— ‘a a 


Ex, 4. Prove that the reciprocal of the same curve w.r.t. a circle 
with centre at the pole is of the form in Ex. 3. 


114. Pouar Rectrpreca, 1x HomoGeneovs CO-ORDINATES : 


Theorem: Jf (£, 9, €)=0 be the tangential equation of a 
curve, the point equation of its reciprocal polar with respect 
to the imaginary circle x? +y’ +2°=0 is 


b(n, y, 2)=0. 


Let éu+ny+fz=0 be a tangent to the curve, and 
let (z', y', z) be its pole with respect to «*+y*-+z?=0, 
Therefore, the polar of (2', y’, z’), i.e., wa'+yy'+22=0 must 
be identical with ¿z+ ny+&=0. 

t.e., we must have— 


and consequently, (x, y', z) =0, z.e., the locus of the point 
(a', y’ 2’) is the curve (x, y, z)=0, which is the reciprocal 
polar of the given curve. 

Thus, if m be the degree of the tangential equation of a 
curve, the degree of its reciprocal polar curve is also m. But 
the degree of the tangential equation of a curve is equal to 
its class.* 

* Salmon, Conics, § 32]. 


48 
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Therefore, the degree of the reciprocal polar of a curve is 
equal to its class, and vice verså. 
The conic #7-+y?+2?=-0 is called the base-conic. 


It is to be noticed, in particular, that if the condition 
that the line x-+y+=0 touches a curve be put into the 
form $(é, ¢)=0, t.e., if the tangential equation of the curve 
be (é, ¢)=0, then its polar reciprocal with regard to 
the parabola «?7+2y=0 is (r, y)=0. 


Ez, 1, Find the reciprocal polar of the curve 2(z*—zy)=zxy(x+ y) 
w. r.t w? +y? +z? =0. 

Ex, 2. Prove that the polar reciprocal of $(é, n, ¢)=0 with respect 
to the base-conic 


aw? + by? $02? + 2fyz + 2g2e + 2hey=O0 
ig p(art+thyt+gz, he+by+fz, gæ+fy+cz)=0. 


Ex. 8. Show that a conic and its reciprocal have, in general, a 
common self-conjugate triangle with the base-conic. 


115. TANGENTIAL EQUATION PERIVED FROM Point EQUATION : 


Let f(x, y, z)=0 be the equation of a curve, and let 
Ectnyt+&=0 be a tangent to it at the point (e', y’, 2’). 
Then this line must be identical with 


Buty Byte B= 
which is the equation of the tangent at (.r’, y’, =’). 
We have €:9:l=f', : fl’, :f's (1) 
Since (2’, y’, 2’) is a point on f(x, y, z} =0, we have 


f (2, y’, 2/)=0 (2) 


Eliminating (2’, y', z') between equations (1) and (2), we 
obtain the required tangential equation of the curve. 
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But, by Euler’s Theorem, 


a OF 1 +y B +2 OF Suffe, y',2)=0 n (8) 


Therefore, the process is simplified, if elimination is 
effected between (1) and (3). We thus obtain the tangential 
equation in the form $(é, y, £)=0. 


Second Method :— 


Eliminating one of the variables z (say) between the 
equation of the curve 


f(x, y, 2) =0 (1) 
and Eetnytlz=0 (2) 
we obtain the equation of the lines — 


f(x, y, —(Ee+ny)/E)=0 (3) 


which join the vertex C(0, 0,1) of the triangle of reference 
with the intersections of (1) with (2). 

If the line (2) touches the curve (1), two of the lines (3) 
will be coincident, and the equation (3), regarded as an 
equation in 2/y, will have two equal roots. Hence the 
discriminant of (3) will vanish, which gives the tangential 
equation of the curve. 


Ex, L. Find the tangential equation of the cubic x? + y? +23 =Q, 
First Method :— 
We have— 
Eji C307 sy 222 
and, also 
Eu’ + ny’ + ¢2’ =0. 


Bu, =t 0 ¥=tvn d=? 


140 THEORY OF PLANE CURVES 


or, rationalising, we obtain — 
P=lo + 7° +E —263y? — 2E3¢3 — 2 n? =O 
which is the tangential equation required. 
Second Method :— 
Eliminating z between the two equations, we obtain— 
a3(E3— C?) + 3E ne? y +3gn wy? + (n> — C )y? =0. 
The discriminant of this is 
C(++ — C9)? IEC. 
But, (=0 does not make the line a tangent, and consequently, the 
factor C? is irrelevant. Hence the tangential equation is— 
(£3 +> —(¢3)3 = 45373 
which is the same equation as above. 


Ex. 2. The tangential equation of the parabola y? =4ae io— 
an? = &¢. 
2 2 ee 
Ex. 3, The tangential equation of s? + Paa 23 is found to be 
(£? + n?)¢? =0? n? 

Ex. 4, Find the tangential equations of the following carves :— 

(i) 3(w +y)? =x? (ii) (æ? +y?)=y’. 

(iii) (x? + y?) =a(3wty = y?). 


Ex. 5. Find the tangential equation of the circular points. 


116, Tue Point EQUATION DERIVED FROM TANGENTIAL 
EQUATION : 


Let (é, n, €)=0 be the given tangential equation of a 
curve, and éc-+-yny+l:=0 be a tangent to the curve drawn 
from any point (x, y, z). 

If ¢ be eliminated between these two equat ions, the 
resulting equation will determine the co-ordinates of the 
tangents which can be drawn from (x,y,z) to the curve. 
Now, if the point hes on the curve, two of these tangents 
must coincide, ¿.e., the resulting equation should have a 
pair of equal roots. 
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Consequently, the discriminant f(v, y, z) must vanish, 
which gives f(«, y, z)=0 as the point equation of the 
curve. 

Second Method :— 


Let (+, y,z) be a point, and €’, ’, € be the co-ordinates of 
its polar line. But the pole of the line (¢,, 7’, ¢’) is— 


"Of Or "82 
. . _ ð$. ô$. ð$ 
ae aa dF On org 


! 7 OF 10% _, ! ! 
Also, OP ty By +E S melé’, n, 2) =0 


where m is the degree of 4, since the line (£E, 7, 2’) 
touches the curve. 


Eliminating (é’, 7’, ¢) between these equations, we obtain 
the locus of (æ, y, z) in the form f (x, y, z)=0. 


Eo. 1. Form the point equation of the curye whose tangential 
equation is 2 +n? + = 


Eliminating ¢ between this equation and fx +7y+(z=0, we obtain 
E (o? —29) + 3E nw? y + Bin? vy? + (y> — z? Jn? =0, 
The discriminant of this is— 
29(a? + y? — 23)? = de 3y%z°, 


But, evidently x + ny + (2=0 is not a point on the curve, if z=0. 


*, The factor z° is irrelevant, and the point equation of the curve is 
Poe y® +z’ ~ 2% y3 —2y323— 92323 =0. 


Thus the order of this curve, which is of class 3, is 6. 


* C. A, Scott, —loc, cit., § 64. 
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Ex. 2. The point equation of 4¢* + 27n°¢=0 is found to be 
æ? —y?z =0, 
For, eliminating ¢ between the given equation and x +7y+(¢2z=0, 
we obtain — 


4£32—2int*kce—27n* y=0 


the discriminant of which is 2?—y?z. Hence the point eqaation is 
x? = y%z, and the order of this curve, which is of class 3, is also 3. 


Ex. 3. Find the point equation of curves defined by the following 
tangential equations : — 
(i) 9n + 4(E—n)? =0. (ie) (EF tnt Hare ns. 
(iit) 27a?n? (+ 4(ak+ OC? =0. 


117. By a comparison of the examples in §§ 115, 116, it 
is seen that the class of a cubic may be as much as 6, or as 
little as 3 ; and converselv, the degree of a curve of class 3 
may be either 6 or 3. Hence, in general, it follows that the 
class of a carve does not depend solely on its order, nor“ its 
order upon the class. Further, it is seen that if f(z, y, z)=0 
is the point equation of a curve whose tangential equation is 
$(é, 7, £)=0, then f(é, n, €)=0 is the tangential equation of 
a curve whose point equation is $(, y, z)=0, and the class 
of a curve is the same as the degree of its tangential 
equation. 


Now, corresponding to the locus fie. y, z)=0, there is, 
by the Principle of Duality,* an envelope fig, 7,¢)=0, and 
the point equation of this, found by the above method, is 
(e, y,2)=0. Instead of discussing the two equations 
f(e, y,z)=0 and (é, n, £)=0 of the same curve, we may 
conveniently consider two distinct curves f(x, y,z)=0 and 
(c, y,z)=0. These two curves are called Polar reciprocal 
curves. The relation between them is a reciprocal one, z.e., 
the une can be obtained from the other in the same way as 
the latter is from the former; and the line and point 
properties of one are exactly the same as the point and line 
properties of the other. 


* Plicker—" System der Aualytischen Geometrie (1835). 
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118. TuHrorem: A node on a curve corresponds to a double 
tangent on the reciprocal curve, and vice versi. 


Through a node there pass two branches of the curve, 
with a distinct tangent to each. Thus the point may be 
regarded once as belonging to one branch and once to the 
other. Therefore, the polar lines of these two points are 
two corresponding tangents to the reciprocal curve, which 
become ultimately coincident. The nodal tangents corres- 
pond to two distinct points on the reciprocal, the tangents 
at which become ultimately coincident. Thus, the nodal 
tangents with their coincident points of contact reciprocate 
into two distinct points on the reciprocal curve, with the 
tangents at those points coincident. Hence, a node corres- 
ponds to a tangent of the reciprocal curve, which touches it 
at two distinct points, z.e., is a double tangent. 


Note. Since a conjugate point is a real point with imaginary 
tangents, the polar line of the conjugate point is a real tangent with 
imaginary points of contact. 


Hence a conjugate point on a curve corresponds to a real double tangent 
of the reciprocal curve with imaginary points of contact, 


119. THEOREM: <A cusp on a curve corresponds to an 
infle rtonal tangent on the reciprocal curve and vice versa. 


At a cusp, the two branches of the curve have a common 
tangent. Let P be the cusp, and PQ the cuspidal tangent. 
From any point Q on the tangent, we can draw two other 
tangents QT, QR, one to each branch of the curve. The 
reciprocals of these three concurrent tangents will be three 
points on the reciprocal curve, which are collinear on the 
polar of Q. Ultimately when Q moves up to coincidence 
with P, the three tangents coincide with the cuspidal 
tangent, and the three corresponding points become 
collinear, č.e., three consecutive points on the reciprocal 
curve are collinear. Therefore the tangent has a contact 
of the second order, and consequently, the cusp corresponds 
to an inflexional tangent on the reciprocal curve. 
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Second proof : 


At a cusp the moving point turns back along the tangent, 
t,e., it changes its sense of motion in the direction of the 
tangent. Therefore, in the reciprocal curve, the enveloping 
line changes its direction of motion about its point of contact, 
i.e. the line becomes stationary for a moment before the 
sense of its motion is changed. Therefore it is an inflexional 
tangent, and the point of contact corresponds to the cuspidal 
tangent, 


Thus we see that a cusp and an inflexional tangent are 
stationary elements, while the node and the double tangent 
are simply double elements.* 


120. THEOREM: If a curve of order n has 8 nodes, the 
degree af its reciprocal polar is n(n—1)—28. 

We have seen that the reciprocal of a curve of order 
n is, in general, of degree n(x—1), this being the number 
of tangents that can be drawn from any point to the curve, 
and this is equal to the number of intersections of the 
curve with its first polar. If, however, the curve has a 
node, the first polar passes through it, and the point counts 
as two among the intersections of the curve with its first 
polar. But the line joining the node to the pole is not to be 
reckoned as a tangent. Thus the number of tangents which 
can be drawn from any point to the curve is diminished by 
two for every node on the curve. Therefore, if there are ò 
nodes, the number of tangents is diminished by 28, and, 
consequently this number reduces to n(n—1)—28; or, in 
other words— 


The degree of the reciprocal polar curve is n(n—1) —28. 


* At a tacnode, two distinct branches of a curve touch, and 
have a common tangent and a common point. Therefore, in the 
reciprocal curve there are two branches having a common tangent at a 
common point, i.e., to a tacnode corresponds a tacnode on the reciprocal 
curve, 
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121, THEOREM: The degree of the reciprocal of a curve 
with k cusps is n(.1 —1)—3k. 

When the curve has a cusp, the first polar of any point 
not only passes through this cusp, but also has its tangent 
the same as the cuspidal tangent (§85). Therefore, the 
cusp counts as three among the intersections of the curve 
with its first polar. Consequently, the number of intersec- 
tions is diminished by three for every cusp on the curve, 
and this diminution amounts to 3x for the x cusps on the 
curve. Hence, the degree uf the reciprocal curve is 


n(n—=1)— 3x. 


Combining this with the preceding theorem, we obtain 
the following :— 


The degree of the reciprocal polar of a curee with & nodes 
and « cusps is n(n—1)—2ò— 3k. 


122. Titkonem: Iya curve has a multiple point of order k, 
the degree of its reciprocal polar curve is n(n—1)—k(k—1). 

We have seen that a multiple point of order kona 
curve is a multiple point of order k—1 on the first polar. 
(§86). Therefore, the multiple point counts as k(k—1) 
among the intersections of the curve with its first polar. 
Consequently, the number of remaining intersections is 
n(n—1)—>(k—1), which is the degree of the reciprocal polar 
curre. * 


123. ENVELOPES: 


If the equation of a curve involves a variable 
parameter, we obtain a series of different curves by eiving 
different values to the parameter. All these curves touch 
a certain curve, which is called the excelupe of the system. 


* A multiple point of order k is equivalent to įk(k—1) nodes, 
and for each node the class of a curve is diminished by two, Hence 
for a multiple point of order k, the class is diminished by k(k—1), 
which agrees with the result we have established just now. 
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Mach curve is intersected by the consecutive curve in a set 
of points, and the locus of these points is called the envelope. 

Let f(e, y. z, A)=0 be the equation of a curve, which 
contains a single variable parameter A. The parameter 
of a consecutive curve may be taken as A+dA, and it may 
be represented by the equation f(r, y, z, A+OA)=0, or 
Jile y, z, A, 6A)=0. Therefore, the equations f=Q and 
fi -f=0 determine the co-ordinates of the points of intersec- 
tion of two consecutive curves. 


But f,=ft+ os dA + ete. 


fi r= OF oA + ete. 


where 5A is infinitesimal. and therefore its higher powers 
may be neglected. Therefore the equations 


J=0, and OF =0 


OA 
determine a set of points depending on the parameter À. 
Eliminating A between these two equations, we obtain the 
equation of the locus of all points of intersection of 


consecutive curves of the system, which is the equation of 


the required envelope. 


It may so happen that f is an integral and rational 
function of A. In that case the above process is evidently 
equivalent to forming the discriminant of f regarded as a 
function of A, and then equating it to zero. Thus, if the 
quantic f, arranged in powers of A, be written in the form— 


ar” + rbA"~) oS 





cA"? ete. (1) 


where a, b,°....ave frnetions of (+, y, z), then the discriminant 
of (1) equated to zero will give the envelope. 
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If the curve f (r, y, 2, A) =0 passes through a fixed point 
(x', y’, 2’), we have f («’, y’, 2’, A)=0, and if this equation is 
solved for A, there are found » values of A, corresponding to 
each of which there is a curve of the system, and conse- 
quently, » curves of the system pass through any point. 
When, however, the point lies on the envelope, two of these 
curves coincide. 


Eu. 1, The system of circles (&—-A)?+y2=7,2 where A is a 
parameter, has ity centre on the axis of x. The envelope of this 
system is given by 2 (w—A)=U, ùe., w+A, which gives for the envelope 
y2=7", or, y= +r, ie, two lines parallel to the locus of centres. 


Ew. 2. Tho equation of the normal at any point (a cos 0, b sin @) on 
the ellipse 


(var y? 
— — =] 
at ht 
; a by : i 
Is - =- =t" L5 l 
cos @ sin® (1) 


which iuvolves a parameter 9. 


Differentiating (1) with rospect to 0, we obtain— 
ax sec l. tan 0+ by cosec @ cot 6=0, or, ax sin’é+by cos°é=0.,. (2) 


Eliminating 8 between (1) and (2) we obtain the equation of the 
envelope in the form : 


20? 
° 


(ax) 3 +(by )3=(? =b?) 
which is called the evolute of the ellipse. 
Ex. 3. ‘To tind the envelope of ef" + lt? +¢=0 


Difforentiating with respect to t, we obtain nat”? + pble-t=o 


ace b 
whence a Pe ae -( 24) 
ua’ 


Substituting this value uf t in the equation we obtain the equation 
of the envelope in the form ; 


na?e"? + p?(n—p)*7'b" =0 


Where positive or negative sign is to be taken, according as » is odd or 
even. 
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Ev. 4. To find the envelope of the chords of curvature of the 


points on a conic, 


The equation of the chord of curvature of the conie wt aè + y? b? =] 


H ; 
~- COS a—¥. sin a=cos 2a 
a ) 


and therefore, the envelope becomes— 


Ew, 5. Find the envelope of a circle of constant radius, whose centre 
mores on a given conic. 

Let a?/a? + y®'b* =1 be the given conic, and (vw—a)*+(y—B)? =r" 
be the circle, the centre (a, 8) moving on the conic. 

Then we may write a%æ« cos, =b sin @. 

The equation of the moving circle now becomes -- 

(a? —b") cos 20 — tav cos 6—4hy gin 6+ 2(x* + y*) +a2+b*2—2+? =0 


The envelope can now be found as already explained, and is called 
the curve parallel to the conic. 


124. It often happens that the equation of a curve 
contains two or more parameters connected by an equation 
or equations, so as to represent a single variable parameter. 
In order to determine the envelope we make use of the 
method of indeterminate multiplier, the principles * of 
which we shall presently explain. 


Let the equation fl, y, z, A. p) =0 of a curve contain two 
parameters A, u connected by a relation $A, »)=0. 


Then we have 


—_—_— 


oy + 3I Or _o, 
OX Op OA OA Op O 


* The subject properly belongs to the province of Differential 
Geometry, and the student is referred to Edwards’s Differential Calc. 
Chapter XI, for fuller treatment of the subject. 


See also Cayley, Collected Works. 
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Eliminating oe between these two equations, we obtain— 


- | Of Of |o 
v= Or os 
| | 
ag a$ 
| OA pe | 


The envelope is obtained by eliminating A and u between 
the equations f=0, ¢=0 and y =0. 


We may eliminate one of the parameters between the 
given equations, and then obtain the envelope by the method 
of the preceding article. 


A similar process is followed in the general case, when 
the į parameters in the equation of a curve are connected 
by k—1 relations. In this case the envelope is obtained by 
eliminating the i parameters and /—1 indeterminate multi- 
pliers between the 2k equations. The method may be best 
explained by means of a few simple illustrations. 


Ez. 1. To find the envelope of lines which cut off intercepts on 
the axes, the sum of which is constant. 


The equation of the line making intercepts « and b on the axes is 


where a +b =k, = Constant. 


Differentiating the above equations, we have 


Zaa ðb =0 and I+ ðb =() ; 
a? b? Qa a 
Yy n vr, vy 
Renee; pega Oe Se 
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Substituting for a in the equation of the line, we obtain— 
= .—— -> + y= + Vay + TE 


+ q/ EC vey ty) (4 vintu) =k 
1J 


Or, (a+ vVey)+t(+vzgy+ty)=æk. 


Le., (x -H Sy rok 


“. The envelope is “ue + Vy SEE a 
Ex, 2. Find the envelope of 


o M 


a b 


we ] 


where « and b are connected by the relation ab = const, 


Differentiating the two equations, we obtain— 


and bta DE =0. 


Se = = \b and p Aa, where A is an indeterminate multiplier. 
a 


Multiplying these by « and JU respectively, and then ar'ding, we 
obtain — 


-- + 5 =A(ab +ab)=2Ac (say) 
J 
whence 1=2%@ ; and consequently A =n 
c 
n% 2ev=a2b and 2cy=ab? 
and since av=c, we have 2r=a and 2y=b. 
'. 4&zy=ab =const. 
The envelope is zy= const., '.e., a hyperbola. 


Ex. 3. The envelope of polars with, respect to the circle 
11 4 y? =2ax of points which lie on the circle æ? + y? =2bv is 


{(a—b)e4 ab}? =L? {(x—a)? + y?} 
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125. We have seen that when the equation of a curve 
contains A in the nth degree, 


n(w—1) 


è 
a 


de. When fæa" tanba’: + cA" 





where a, b, c,... are functions of the co-ordinates, the 
envelope is obtained by equating to zero the discrimiuant * 
of f. Thus, for n=2, 3, ete., we have for the envelopes 


ac~b?=0 
a’ d? + tac? +4b3d—G6abed —3b2c? =0. ete. 


It will be noticed that the degree of the envelope is 
2(n—-1) in the co-efficients a, b, c.. 

Hence, when a, b,c... are linear. the degree of the 
envelope is 2:7—1). 


The simplest of these cases is the envelope of 
AA? +2BA+C=0 


where A, B, C are all linear functions of the variables, so that 
the equation represents a right line. 


Eliminating A betiveen 


AA? 4+2BA+C=0 and AA+B=0 


we obtain for the envelope B?=AC, which is a conie. 


When A, B,C are expressions of the second decree, the 
envelope B?=AC is a curve of the fonrth degree, and so on. 


* It has been proved by Prof. Cayley that the discriminant, in 
General, contains other loci besides the envelope. In fact the complete 
envelope of the variable curve consists of the proper envelope ne 
explained above together with the locus of the nodes of the variable curve 
twice, the locus of the cusps thrice, the envelope of the double tangents 
twice and the envelope of the stationary tangents thrice, 


Cayley, Messenger of Mathematics, Vols. 1] and XJI. See also 


Benrichi, Proc. of the London Math. Soc., Vol. M; J. M. Hil, ibid, 
Val. XLX, and Salmon, M. P. Curves, $89 (a). 
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Otherwise: Fhe equation AA? 4+2BA4C=0 may he 
regarded as a quadratic equation to find the values of A for 
the two particular members of the family, which pass 
through a given point (x, y). When (r, y) is a point on the 
envelope, these two members must coincide, and conse- 
quently, the quadratic in A must have two equal roots, and 
the locus of such poiuts is therefore B? = AC. 


Ex. 1. The euvelope of « cos 6+ y sin 0= Va? cos? @+b* siu*0 
ig v* +y? b?=] 


For, the equation can be put into the form— 


uty tan @= /a? +b? tan? 0 
or, clearing the radical, «> + y> tan? 6420cy tan 0=u= +b? tan? 6 
ie., (y?—b?) tan? 6+ 2ry tan 0+ (vu? —a?)=0. 
This, as a quadratic in tan 6, has two equal roots, 


it fut ytsd(rt—n7)(y?—b?*), hes, R? cc? ty? OF =], 
Be. 2. Show that the envelope of the lines 


& cos mat y sin wa=a(cos na)” 


where æ is the arbitrary parameter, tw tle curve 


Suk - -Je 
\ tt — 7b 


Ea, 3. Circles are described having for diameters the radii vectores 
from the origin to the curve w” + y%=3cr7, Prove that their envelope 


is the inverse of a semicubical parabola (Oxford, 188%). 


ku. 4, An equilateral triangle moves so that two of its sides pass 
throngh two fixed points P and Q. Prove that the envelope of the third 
side is a circle. 


Ex. 5. Find the relation betwcen «a and b, when the envelope of 
the line via + yjb=1 is the curve x?yt#=ket?, 
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126. EvoLores : 


The evolute of a curve may be defined as (7) the envelope 
of its normals, (227) the locus of the intersection of consecu- 
tive normals, (777) the locus of the centre of curvature at 
each point of the curve. 


It is clear'y seen that these definitions can be deduced 
one from the other. 


In order to obtain the evolute of a curve, we generally 
take the equation of the normal at any point of the curve 
and then find its envelope. The same may be found by 
finding the co-ordinates of the centre of curvature at any 
point, and then determining the locus of the centre of 
cur vature. 


The methods will be best illustrated by means of the 
following simple examples : 


Ex, 1. Find the evolute of the parabola y* =4ua.r. 


The normal at any point (at?, 2at) is— 
tx + y= 2at + at? ewe (1) 
To obtain its envelope, we differentiate it with respect to t, and thus get 
v= sat? + 2a (2) 
Eliminating t between (1) and (2), we obtain 
27ay? =4(z— 2a)? 


as the equation of the evolute of the parabola. 
Ex. 2. Find the evolute of the ellipse x*/a* + y?/b?=1, 


The normal at any point (a cos 0, b sin 0) is— 


= PEGEA =4? =)? 
cos@ gin @ 





The evolute of the ellipse, by Ex. 2, §123, is, therefore, 


(as)? + (by)? = (at 02)", 


20 
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Er. 3. Find the evolute of the cissoid (e? + y?)c=ay? 


Writing the equation in the form (a—xz)y*=.?, we may express the 
co-ordinates of any point on it in the form 


es me nn Q 
~ (1467)? ” 0(1 46?) 


The equation of the normal is, therefore, 


20%z + (1 +39*)y = 1+2?) 


l,l o 20% 2 +30? y— 2020. + 0y —a=0. 


The discriminant of this is found to contain (v + !a)? + y* asa factor, 
the remaining factor, therefore, gives the proper evolute, namely, 


yt + Toy + a atzv=0, 
' wl 


Ex. 4, To find the evolute of the curve given by v=ct, y=cjt. 


The centre of curvature at any point (t) is 
w= c(3tt + 1)/2¢5, y=c(t* +3)/2¢, 


Eliminating t between these, we obtain the equation of the evolute. 


127. NORMAL OF THE EVOLOUTE : 


The following construction for the normal of the evolute 
is useful : 


Let I and J be any two finite points in the plane. Then, 
if the tangent at any point P of a curve meets IJ in M, and 
if M’ be the harmonic conjugate of M with respect to I, J, 
then the line PM’ may be regarded as che normal. From 
this it follows at once that if the point P be on the line IJ, 
then PM’ will coincide with that line. But when P coincides 
with either I or J, the points M, M’ coincide, and the normal 
coincides with the tangent. 


Therefore, when I and J are circular points at infinity, 
and P is a point on IJ, the normal at P coincides with the 
line at infinity, and if the curve passes through either of 
the circular points at infinity, the normal coincides with the 
tangent, 
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128. When a curve is defined by its tangential equation, 
the line co-ordinates of its normal, and consequently the 
tangential equation of the evolute, can be easily obtained. 


Let $(£, 7, €)=0 be the tangential equation of a curve. 
Then, if (¢’, 7’, ¢') be the line co-ordinates of any tangent, 


¿ ð$ Op Op —() 1 
è ae T h +E (1) 


is the equation of its point of contact. 


Let y=0 be the equation of a pair of points I, J, then 


Oy W 4 OY 9 
San tn An +¢ ar =0 (2) 

is the equation of the pole of the given tangent with respect 
to IJ, z.e., if P is the point where the tangent meets IJ, then 
the harmonic conjugate Q of P with respect to I, J is given 
by (2). If now J, J are the circular points at infinity, 
equation (2) gives the point at infinity on the normal. 

Therefore the two equations (1) and (2) determine the 
line co-ordinates of the normal. If, therefore, ¢’, 7’, Z’ be 
eliminated between the equations (l) and (2', and the 
equation of the curve, we obtain the tangential equation of 
the evolute. 

The equation of the circular points at infinity is 
E +n = 


Then ix OF ey +054 S —0 
i On 
gives the condition of perpendicularity ££' + yy’ =0. 


Ex. 1. Find the evolute of a central conic. 
The tangential equation of such a conic is a°? +b7n* =1, 


*, The co-ordinates of the normal are determined by 


ate’ +b* ny =1 and gë +n’ =0 
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1 


which give E = -n = (a? —b?) 


But (¢', n’) satisfy the equation of the conic. 
ae ate? + bèn? e 
Eliminating é’, n’ between these equations, the required evolute is 


a? b? , 

pos S 

Ex. 2. Find the tangential equation of the evolute of the parabola 
an? = E 


3 2 3 
Ex. 3. Obtain the evolute of «5+ y7=a?. 
Any poini on this curve is xz=a co8?ð, y=a sin?ð. 
The normal at that point ia œ cos @—y sin @ = acos 286, 
3 3 3 
The envelope of this will be (+y)? +(£—y)}?=2a?. 


which is the required evolute. 


129. Cavusrtics : 


There is a class of curves, called Caustics, the investi- 
gation of which, although originally suggested by the science 
of optics, belongs purely to the theory of curves. The 
subject formed one of the earliest questions discussed in 
connection with envelopes,* and as snch we shall discuss 
here some of the simplest and interesting cases. 


DEFINITION : 


Let P be a point in the plane of a curve, which may be 
considered as the boundary separating two optical media. If 
a ray of light from P be incident on the curve, the reflected 
or refracted ray envelopes a curve which, in general, is called 
a Caustre.—Katacaustic in case of reflection and Diacaustic in 
case of refraction. 


* The subject was introduced by Tschirnhausen, Acta Eruditurwin 
(1682), referred to by Gregory, Examples, p. 224. 
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‘Gergonne* has proved that each Katacaustic is the 
evolute of an algebraic curve which, according to Quetelet t 
is called the Secondary Caustic or Anticaustic. 


Quetelet has given a practical method by which caustics 
may be regarded as evolutes, and in fact, he gives the follow- 
ing construction : 


If with each point successively of the reflecting curve as 
centre, and its distance from the radiant point as radius, we 
describe a series of circles, the envelope of all these circles 
will be a curve, the evolute of which is the katacaustic 
required. 


In a like manner, Quetelet has given the following 
theorem : 


If with each point successively of the refracting curve as 
centre, and a length in a constant ratio to its distance from 
the radiant point as radius, we describe a series of circles, 
the envelope of all these circles will be a curve whose 
evolute is the Diacanstic. 


130. Equation or KaTACAUSTICs : 


| Let F(z, y)=0 be the equation of the reflecting curve, 


and P(x’, y') be a luminous point in its plane. 


Let Q(a, 8) be the point of incidence of a ray on the 
curve F, If then T=O and N=0 be the equations of the 
tangent and normal to the curve at Q, the equation of the 
incident ray PQ may be written as T-+AN=0, which is 
satisfied by (x’, y’), 2.e., PQ is the line TN’—T’N=0, where 
T’ and N’ are the results of substituting x’, y’ for æ and y 
respectively in T and N. 


Now, the incident ray and the reflected ray are equally 
inclined to the normal. Therefore, the reflected ray is the 


* Gergonne, Ann. de Marth., t, 15 (1825), p. 345. 
+ Quetelet, Brux. Ac. Nouv. Mém., Vol. 5 (1829), Nr. 1. 
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fourth harmonic to the three lines, vëz., T, N and TN'— TN 
Hence the equation of the reflected ray is— 


TN'’+T'N=0 


which involves (a, B) as parameters connected by the 
relation F(a, 8) =0. 


Thus, by the usual method we can now determine the 
envelope of this reflected ray which is the Katacuustic. 


Ex. Caustic by reflection of a straight line : 


If the reflect ing line be taken as the c-axis. and the radiant point P 

be taken on the y-axis ut a distance a from the origin O, then it is 

e vident that the reflected rays all pass through a fixed point Q on the 

y-axis on the other side at a distance a from O. Q is said to be the 
reflexion of P about the line. 


131. Caustic BY REFLECTION OF A CIRCLE: 


The actual determination of caustics by reflection or 
katacaustics of general curves presents some difficulties, but 
they can be very easily calculated for simpler curves, for 
instance, a straight line or a circle. We shall here determine 
the caustic of a circle.* 


Let «?+y?=r* be the equation of the reflecting circle, 
(a, B) be the co-ordinates of the radiant point P, (a, b) those 
of the point of incidence Q, and (æ, y) the co-ordinates of 
any point on the reflected ray. 


Since (a,b) is a point on the circle, we may take 
a=reos@, b=rsin 0. 


The tangent at Q is then 
x cos Ô+ ysin 0=r (1) 


* A very elegant solution of the problem is given by Lagrange in 
the Mém de Turin. Mr. P. Smith discussed the same in a note in the 
Cambridge and Dublin Mathematical Journal, Vol. 2 (1847), p. 237. 
Prof. Cayley investigated the problem very exhaustively in his 
well-known paper—“ A Memoir upon Caustics”—Coll. Works, Vol. 2, 

336 -380. 
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and the normal is the line 


x sin 6—y cos 6=0 we (2) 
The equation of the reflected ray is, therefore, by the 
preceding article, 


(a cos 6+£ sin 6—r)(x sin 0—y cos 8) 
+ (a sin 0— B cos 6)(.x cos 6+y sin 6—r)=0 
which may be written in the form— 
(ay+ Bx) cos 20+(By—a+) sin 20 
+r(c+a) sin 06—r(y +8) cos 6=0 (3) 


where 6 is a variable parameter. 


The envelope of this, by the usual method, is found to be 
[4(a? +B? )(a* Hy) r (ata)? +(y+B)*}]° 

=27(Bu—ay)?(224+y?~a*—B*)* (4) 

which is the equation of the caustic by reflection of a circle 


and was first obtained by St. Laurent. 


If, however, the axis of z passes through the radiant 
point, and the radius of the circle be taken equal to unity, 
we have B=0 and r=l, and the equation of the caustic 
reduces to 


{ (4a? —1)(«? +y?) —2ax—a?}' 
2 aty*(a? $y? —at)* (5) 


The equation (3) of the reflected ray reduces to the form 


acos20—cos@ 


(—2a cos 6+1) r+ 
sind 


y+a=0 (6) 


Differentiating this with respect to 0, we obtain 


—acos0(1 +2sin?@)+ l y=0 


gin?6 


(—2asiné)a+ — 
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a?cos6(1+2sin?6)—a 


h pe #70080(1 + 2sin? 4) —a 
EAER "= — 3a cos26+20° 


= 2a?sin'6 
J= 1 — 3a cos26+ 2a? 


2.e., the co-ordinates (.r, y) of any point on the caustic are 
expressed in terms of the angle 6, which is the parameter of 
the point of incidence. 


132, TANGENTIAL EQUATION OF THE CAUSTIC : 


If the equation (6) of the reflected ray be put into the 
form éc+ yy +a=0, then we must have— 


= —2a cos 0+ 1 


_— acos20—cosô 
sinĝ 


whence, (€—1)? — 4a? = — 4a? sin? ð 


E+’ S= n (1—2a cos 0 +a?) 


sin? 
and E+ a? =1—2a cos 0+a?. 
Therefore, 
(E +n’) {(E-1)*—4a"} + 4a%é-+4a* =0 
fey {RE-1)— 2a} 9" {(E-1)*—4a*} =0 (7) 


which may be considered as the tangential equation of the 
Caustic by reflection of a circle. 
If, however, (£, 7) be considered as the co-ordinates of a 


point, then the equation (7) may be regarded as the equation 
of the reciprocal polar of the caustic (§ 114). 


133. If we put y=0 in the equation (5) of the Caustic, 
we obtain 


{(4a?—1)2*—2az—at}?=0 
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—a 


TEO een 
2a+1 ' 


© 


D 

2a—1 
or, the Caustic meets the axis of « in two points each of 
which is a triple point. 

If, again, we put x° +y?=a", we obtain 

{ (4a? — lja? —2ax—a}*=0 

which gives x= —a(1—2a?) 
and, therefore, y= +20? /I—a* 
or, the Caustic meets the circle x? +y?—a* =0 in two points, 


each of which is a triple point. 


The nature of the infinite branches can be found by 
considering the highest degree terms, t.e., the terms of 
degree six and five. The two asymptotes are thus found to 
be given by— 

(4a? —1)Ż 3a 
T (mat) 
vV l—a?’ (8a? +1) os 
By considering the equation of the reflected ruy (6), the 


tangents parallel and perpendicular to the axis of æ can 
be found easily. 


Thus, the parallel tangents are— 


_ , v4a?—1 
y= + Ern 


and the tangents perpendicular to the axis of x are 


— 2a 
s= á _ — 
1+ V8a2:+1 
which are, in fact, double tangents of the Caustic. 
Again, when the radiant point lies on the circle, a=1, 
and the equation of the curve reduces to— 
(By? + (0—1) 3r +1)}*=27y* (2° +y*—1)? 
al 
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which is divisible by (e—1)?. Removing the factor, the 
Caustic is a curve of the fourth order, v2:., 


27y* + 18y? (3.02 —1) + (2—1)(8c24+1)3=0 


In the case of parallel rays, the radiant point is at 
infinity, ¢.e.,a=e«,and the Caustic reduces to— 


(40 + 4y" —1)3 —27y% =0 


which is a sextic. 


We thus see that the Caustic by reflection of a circle is 
a curve of order 6, has 4 nodes, 6 cusps (including the 
circular points), etc. For detailed  investigation—see 
Prof. Cayley’s paper on Caustics—Coll. Works, Vol. II, 
p. 357. Also a Memoir by Rev, Hamnet Holditch—Quarterly 
Math. Journal, Vol. I (1857), pp. 93-111, 


Ex. 1. If the incident rays are parallel, show that the caustic ia an 
epicycloid formed by the rolling of one circle upon another of twice its 
radius. 

Ev. 2. When the incident rays diverge from a point on the 
circumference of the reflecting circle, show that the caustic curve is 4 
cardioid, which is formed by the roiling of a circle npon another of 
equal radius. 

Ev. 3. Rays diverging from the focus of a parabola are reflected 
from its evolute. Prove that the secondary caustic is a parabola, 


Ex. 4. Rays parallel to the axis of y are reflected from the curve 
y=e*, show that the caustic is the curve 


Ev. 5. Obtain the caustic by reflexion of an ellipse, the radiant 
point being at the centre. 


134. INTERSECTION OF THE CAUSTIC WITH THE REFLECTING 
CIRCLE : 


If in the equation of the caustic, we put «*+y%=1, we 
have— 


(3a —]—2axz)* —27a?y2(1—a*)* =0 
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(3a —1—2ac)3 —27a?(1—4?)(1—a? )}*=0 


Ll 9 


which reduces to the form 
(ax—1)*(8ar—27a! + 18a? + 1)=0. 


The factor (ax—!)? equated to zero shews that the caustic 
touches the circle at the points 


te, at the points where the circle is met by the polar of 
the radiant point. The other factor gives— 


oe 27a*—18a?—1 
—_— 8a 


It can be very easily shewn that the curve passes through 
the circular points at infinity, which are cusps on the curve 
and the points where the axis ofw meets the curve are 
cusps (the axis of x being the tangent.) and the two poirts 
of intersection with the circle æ? +y?—a* =0 are also cusps, 
the tangent at each point coinciding with the tangent of the 
circle. There are thus in all 6 cusps. 


135. Caustic BY Rarraction or a STKAIGHT Line: 

Let the line be taken as the axis of y, and let the axis of 
æ pass through the radiant pvint P, so that P is the point 
(—1, 0). 

Let p and $' be the angles of incidence and refraction 
respectively. 

Then, sin $ : sin $'=p (refractive index) 


| 
= (say) 


The equation of the incident ray is— 


y=tan p(c+1) 
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Let the refracted ray be 
y= tan +c. 


Since both the rays meet on the line x=0, we must 
have— 
c=tan > 


aud the refracted ray becomes— 


y—z tan d =tan > 


ksin 
or, y— Pane xz—tan d6=—0 (1) 
V/1—k? sin? 
Differentiating this with respect to $, aud combining the 
two equations, we obtain, after a simple reduction— 


p= (l—r’sin?ġ)? 
cos?’ g 








k' Ha k'’sin h 
cos? ġo 





where k= V1—k? 


Hence, eliminating $, we obtain, 


(ie)? — (Hy)? =1 


which is the required equation of the Caustic. 


When k<1, zż.e., refraction takes place into a denser 
medium, k’* is positive, the caustic is the evolute of a hyper- 
bola. 

But when k>1, z.e., refraction takes place in a rarer 
medium, k’* is negative and the caustic is the evolute 
of an ellipse (§ 126, Ex. 2). Thus the hyperbola or the 
ellipse is the Anticaustic or the Secondary Caustic. 
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From what has been said in §129 we can easily form the 
equation of the secondary caustic as follows :— 


The equation of the variable circle may be taken as 
v? + (y—tan $)? —k?sec?¢=0 
the envelope of which is found to be— 
k (0? +4? —k?) —y? =0 
kat — k? yt — k k'? =0 


le.s 
w? y? 

or, ka Jra =l 

which is the equation of the Secondary Caustic. It will be 

seen that the radiant point is a focus of the conic. 


136. We have seen that the caustic by reflection or 
refraction may be regarded as the evolute of a certain 
envelope which is called the secondary caustic. In fact, the 
reflected or refracted rays are the normals tv a series of 
secondary caustics ; any one of these has the reflected or 
refracted rays for normals, and consequently the caustic 
curve for evolute. 

It is usually more couvenient to find a secondary caustic 
in some cases than the caustic itself ; for instance, in the 
preceding article, the secondary caustic by refraction of a 
straight line is an ellipse or a hyperbola. 

We shall now determine the secondary caustic by 
refraction at a circle. 

Let x*+y?=r7 be the refracting circle, P(a, 8) the 
radiant point, and (¢, 7) any point on the circle, so that 

=r cos 0, yn=r sin ô. 


If » be the refractive index, the secondary caustic will 
be the envelope of the variable circle 


u° {(æ—r cos 6)? + (y—r sin 6)*} 
—{(a—r cos 6)? +(B—r sin 6)?}=0 
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Writing the equation in the form— 
p(t ty? +r) (at tB tr’) 
—27(p?.v—a)cos 0—2r(p*y— B) sinb=N 
the envelope becomes— 
(arty tr) (ater) 

=r {(ute—a)* + (uty —B)"} 
or, (a(t yt?) (at Her) 

= 4079p {(a—a)?+(y—B)*} 


if now the axis of w is taken to pass through the radiant 
point, B=0 and a=a (say), then the equation becomes— 


{p (x? +y? — r? )—a? +r} = Ar’ pu’ {(u—a)? +y’? 


which, after simplification, may be put into the form 


Mp r svar er!) 


The above equation of the secondary caustic is evidently 
of the form— 


mp + m'p'=c(say) 


where p and p are the distances of the point (æ, y) on the 
locus from the two fixed points 


( <. o) and (a, 0) 
| og 


respectively, and pE =m : m. 


Thus, the locus of (x, y), i.e., the secondary caustic is the 
Oval of Descartes or the Cartesian,* of which the two fixed 
points are the foci. Therefore the Caustic by refraction of a 
circle is the evolute of a Cartesian Oval. 


* See Williamson’s Diff. Calculus, Chap. XX, pp. 375-382, 
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The cases of parallel rays or of rays proceeding from a 
point on the circumference of the circle may be deduced 
from the above results by assuming a=oc or a=r respec- 
tively. For further discussions the student is referred to 
Geometrical Optics by R. S. Heath, Chapter VI, pp. 99-133, 
aad to Prof. Cayley’s Memoir. 

Ez. 1. Prove that the form of the caustic curve near the cusp is 
a semi-cubical parabola. 

Ex, 2. Find the caustic by refraction of a circle, when the incident 
rays are parallel. 

Ex. 3. Rays diverging from the centre of a given circle are re- 


fracted at a curve so that the refracted rays are all tangents to the 
circle. Find the equation to the refracting curve. 


Ex. 4. Show that the caustic by refraction of a circle when the 
radiant point is on the circamference is also the caustic by reflection 
for the same radiant point and for areflecting circle concentric with 
the refracting circle. 


Ex. 5, Prove that the caustic by reflexion of a circle is the evolute 
of the limaçon, 


137. PEDAL CURVES: 


The locus of the foot of the perpendicular drawn from 
any origin O on to the tangent at any point of a curve is 
called the first positive pedal of the curve with respect to 
the origin. 


The pedal of the first positive pedal is called the second 
positive pedal, the pedal of this latter is called the third 
positive pedal, and so on. 


The curve which has the original curve for its first 
positive pedal is called the first negative pedal, and so on. 


Let OY be the perpendicular on the tangent at any 
point P of a curve, and OZ be the perpendicular drawn from 
O on to the tangent at Y to the locus of Y ; then the angle 
OPY=angle OYZ, or, in other words :— 


The angles between the radius vector and the tangent at 
corresponding points of a curve and its pedal are equal. 
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In the same case, we have OP.OZ=OY*?. Let OY and 
OY’ be the perpendiculars drawn from O on to the tangents 
at two consecutive points P and P’ of the curve, the tangents 
meeting at the point T, 


It is clear then, since the angle YOY'=YTY’, the points 
O, Y, Y’, T are concyclic, and therefore, 


OYZ=7—OYY'=OTY’. 
Hence, the triangles are similar, and we have— 


OZ _ OY’ 1) 
OY “OT ( 


In the limit when P and P’ coincide, the angle OTY’ 
becomes equal to the angle OPY, and OY’=OY, OT=OP. 


Hence, OPY=OYZ and 
OP.OZ=OY!, and the 
theorem is proved. 


In the limit when P 
and P’ coincide, the circle 
through OYY’T has OP as 
diameter and touches the 
tangent YY’ to the pedal. 


Hence we obtain the 





theorem that the circle on 
radius vector as diameter touches the pedal. 


138. Tae CARTESIAN EQUATION OF THE PEDAL: 


Let (£ ņn)=0 be the tangential equation of a curve. 
Let any tangent to this curve cut the axes of x and yin P 
and Q respectively. 


Let (x,y) be the co-ordinates of Y, the foot of the 
perpendicular from O on to AB. 
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if Z POY =a, 


we have— 


OY=OP COL a = OQ sin a 





>) 
But OP=L/é. OQ=1/y ;sx 
| 
cosa_ sina l c i 
a 
vV +n 


Then x=OY cos a=0P cos? 


y=0Y sin a= 0Q sin? a 





3 — 7 
Sapp I VS ee 
Hence, E= riy” n= Y 


Substituting these in the equation of the curve, the locus of 
Y becomes— 


al a ar , =o (1) 


The inverse of (1) is evidently $(z, y)=0, which is the 
polar reciprocal of the curve (§ 114) 


Hence, we have the definition :— 


The polar reciprocal of a curve is the inverse of the first 
positive pedal, and the pedal is the inverse of the polar 
reciprocal curve 

Cor.: The tangential equation of the first negative pedal 
is— 


ECEE tn’, /€* +y*)=0 


when ¢$(.x, y)=0 is the point-equation of the curve 
22 
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Ex. 1. The first positive pedal of the curve (v/a)” + (y/b)* =1 is 


(0? +y) T = (ax)"-? + (by : 


Ex. 2. Show that the first positive pedal of 73 + y? =a’ is 


2 2 8 93 
(x? +y?) =a3(u"* + y>’). 

Ex, 3. If the origin be situated on a curve, prove that its first 
pedal has a cnap at the origin. 

Ex. 4. The pedal of the parabola y*=4ax with respect to the 
vertex is the cuspidal cubic (the Cissoid) 

g(x? +y?) + ay? =0, 
Ex, 5. The pedal of a conic w., 7. t, its centre is a unicursal quartic. 
2 2 
Ex. 6. The first positive pedal of the curve æ+ yS=as ig 


r= ta sin ł cos 8, 


Ex, 7. The negative pedal of an ellipse w. r. t.a focus ns pole is a 
quartic having the circular lines as stationary tangents. (Salmon— 
H. P. Curves, Ex. 3, p. 107.) 


139, Inverse Curves : 


In §15, we have discussed the process of circular 
inversion, by means of which, from a given curve, another 
curve, called its inverse, can be derived. The principles 
have been explained by means of simple illustrations. We 
shall now discuss some of the properties for a general curve 
of order n. 


Let f=u tu, tu,t+..4u,=0 (1) 
be the equation of the given nrc. 
: + Then, by the formulae of § 15, the equation of the inverse 
becomes — 
uola? tyt) bh uw, (et +y?)* t. ktu =0 (2) 


which shows that the origin is a multiple point of order n 
on the inverse curve. The tangents at the multiple point 
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are evidently given by u,=0, which shows that the tangents 
u, =Q are parallel to the asymptotes of the original curve. 


The equation (2) shows that the inverse curve has also 
a multiple point of order at each of the circular points at 
infinity. 

The following examples will illustrate some of the 
properties of inverse curves, und can easily be solved with 
the help of the formulae established in § 15. 


Ex. 1. Find the inverse of a conic w. v. t. a focus as the pole. 

E». 2, Prove that the inverse of the curve ap, + Bp, + yp, =0 w.r. t. 
any origin is a curve whose equation is of the same form. 

Ex, 3. Show that to a double point on any curve corresponds 
another double point of the same kind on the inverse curve with respect 
to any origin. 

Ex, 4. Show that the inverse to the k-th positive pedal is the k-th 
negative pedal of the inverse curve. 

Ex. 5. The osculating circle at any point of a curve inverts, in 
general, into the osculating circle of the inverse curve at the inverse 
point. 

Ex. 6. Discuss the case when the osculating circle passes through 
the origin. 

Ex. 7, Find the number of osculating circles of a given curve which 
pass through a given point, 


140. PARALLEL CURVES : 


Derinition: The envelope of a line parallel tothe tangent 
of a given curve at a fixed distance is called a curve parallel 
to tke given ona. 

From this definition it follows that, if on the normal at 
any point P to a given curve, a point Q is taken such that 


PQ =k=const. 


the locus of Q isa curve parallel to the given curve. It 
follows then that all parallel curves have the same normals 
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and the same evolute; but every normal to a parallel curve 


id normal in two places corresponding to the values +k. 


The two possible positions of Q corresponding to the 
values +4 are, in general, branches of the same curve. But 
they may be different curves in certain cases. 


Let Ect yy +lz=—0 


be the equatiun uf a tangent toa curve. Then, the equation 
of a parallel line at a distance k from it may be written as 
Esty tit k Je +0" =U 


the envelope of which will be a parallel curve, If then 
pl, n, £)=0 be the tangential equation of a curve, that of 
the parallel curve is obtained by writing 


C+h VE +n’ 


for ¢ in the given equation, t.e., the equation of the parallel 
curve is— 


$(€, q, EHk VEn) =0 


à parallel curve may also be regarded as the envelope 
of a circle of given radius whose centre moves along the 
curve. The methods wil) he clearly illustrated by means 
of a few examples. 


Ex. 1. Kind the parallel to the curve- 


2 2 z 
n3 + ysoa* 


The co-ordinates of any point on this curve may be taken ut 
a C0856, a sinëð. 
The equation of the tangent is then 
c vos O+ y sin O=a sin 6 cos 9 
and thar. of a line parallel to this, at a distance k, is- 


e eoa 8+y ain Omk + asain 8 cos 9 
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The envelope of this line is found to be— 
{3(.02 +y? —a*)—4h?} 3 + {27azy—9k(x? + y*)—18a2k + 8h3} 2 =0. 


In this case there are two different curves constituting the parallel 
and these are not branches of the same curve, 


The tangential! equation is found to be— 
(> +n) = {adn + k(E* +0*)} 


Eu. 2, In the case of a circle of radius 7, the parallel becomes two 
concentric circles, of radii r+, and these are certainly different curves. 


Ex. 3. To find the tangential equation of the parallel to 
r? ty? bN. 
The tangential equation of the ellipse ig «a*g*+b*y?=¢", aud con- 
seguently, that of the parallel is— 
ark? +b? = (Ck VE? +07)? 
or Ha” —k?)E? + (bh)? — C2} t= Ake (E? + n). 
Ewx, 4. Show that the tangential equation of the parallel to the 
parabola y®=4av is— 
(ant =)? =k (E? + n°), 
Ex. 6. The radii of a co-axial system of circles are increased by a 
constant. Show that their new envelope is parallel to their old. 
141. Isorpric Loct: 


The locus of the point of intersection of two tangents 
which cut one another at a given angle is called an Lsoptic 
Locus of the given curve. If the tangents cutting at an 
angle w—u are included among those cutting at the angle 
a, the locus is an algebraic curve. 


The method of finding the locus will be best illustrated 
by the following examples : 


Ex, 1. Find the isoptic locus of the parabola y*=4uu. 
Let a be the angle at which the tangents cut one another. 


; a 
For all valnon of m, the lina y=ms +— 
m: 
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ia a tangent to the parabola. Hence the slopes of the two tangonta 
passing through any point (x, y’) are given by 


mv’ =my +a=0, 


If m, and m, are the slopes, then 


’ 
m, tm, =Y and mm, =—, 
, . a’ 
w 
Myla mgala M pT han 
M =M, SPAS i > 
~~ tan a = —— = Po, a Or eg 
atg 


ay R 


ʻe Tho locus of (2’, y’) becomes— 


y? —4a2=tan*a(a + x)?, 


E». 2. Find the isoptic locus for x?ja? + y?/b?=1 
The tangential equation of the ellipse is— 
at? +b? =¢? (1) 
If we eliminate ¢ between this and tz + ny=(, the resulting equation is 
(a*—a*)g? + (b° —y?)n? — Zeyn =0 (2) 


If now m=tan 06=—é/n be the slope of the tangent drawn from any 
point (x, y), we obtain from (2) the equation— 


m?(a? =g?) + 2vym + (b? —~y?)=0 


which gives the slopes of the two tangents, 


Now, m, and m, being the slopes, we obtain— 


~— 22y b? —y? 


= 
m,+m,=—— 5mm ies 








WV 4b? 0? + 40° y? ~ 407d? 


whence —tan a= 
3 z? +y? =a? =b? 


i.e., the equation of the locus is— 


4(b?22 +a2y2—a2b?) = (1? + y?—a2—b*)* tan “a, 


The case of a general n-ic assumes a simpler form, when the 
constant angle is a right angle, and will be taken up shortly. 
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142. If PQ and PR are two tangents to a curve inclined 
at a constant angle, the circle PQR touches the isoptic locus. 


Let P and P eae eee Be p’ 
be consecutive 
points on the 


à s 





isoptic locus, and 
PQ, PR aud P’Q’ 
P’R’ be tangents 
inclined at an 
angle a to each 
other. Then, Q,P, 
P’, Rare concyclic, B 
since ZQPR=ZQP’R, and in the limit, the circle PQR 
touches the locus of P. 

It is clear then that if the tangents PQ and PR toa 
curve are inclined at a constant angle and the normals at Q 
and R meet at S, then PS is the normal to the isoptic locus. 


Since QS and RS are perpendicular to the chords PQ 
and PR of the above circle, the point S lies on this 
circle, and PS isa diameter and is consequently perpendicular 
to the tangent at P to the circle and the isoptic locus, that 
is to say, PS is the normal at P to the isoptic locus. 


It can be easily shown that the isoptic locus has 
m(m—1)-ple points at I and J. 


143. Ortsoptic Loci : * 


The locus of the point of intersection of two tangents 
to a curve which cut one another at right angles is called 
the orthoptic locus of the curve. 


This is a particular class of isoptic locus, when the 
constant angle is a right angle. 


* Dr. C. Taylor—“ Note of a Theory of Orthoptic and Isoptic 
Locus,” Proc. of the Royal Soc. London, Vol, 37 (1884), pp. 138-141. 
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CakTesian HQUATION : 

Let $(é, 7)=0 be the tangential equation of the curve, 
and éx +ny +1=0, that of a point P on the locus, so that two 
of the tangents drawn from P to the curve are perpendicular 
If now we make $(€, 7)=0 homogeneous in é, y by means 
of e+ ny+1=0, the resulting equation in &/y gives the slope 
of the tangents which can be drawn from P to the curve. 

Putting —é/y=m. the resulting equation can be put inta 
the form Y m)=0 (1) 

If two tangents are at right angles, two of the roots 
m, Mm, of (1) must be connected together by the equation 


m,m, +1=0. 
The condition tor this is that the eliminant of 
wim)y=0 and p(—m-')=0 


should vanish, which gives a relation between «x and y, 
which is the orthoptic locus. 

Since this eliminant for a curve of the mth class is of 
degree (m—1) in the co-efficients, which are themselves, in 
general, of degree m, the degree of the orthoptic locus of a 
curve of the mth class cannot be greater than m(m—1). 


Ec. 1, Find the orthoptic locus of the parabola. 
This follows from Ex. 1 § 141, when 


a= 


wa 


By using the method of the present article, we proceed as follows :— 
The tangential equation of the parabola is an? =g, 


Making this homogeneous, we get 
an? + &(te + ny) =ay* + et? + yin =0. 


Putting ~/7=m, we obtain m*x~-my+a=0 w (1) 


Putting m= =m}, we obtain— 


marmy+z2=Q ve (2) 
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From (1) and (2), we have— 


m? m 1 
= 


= 


—ry—ay +a?—r? +xuyt+ay 








whence {(a—a)? +y*}(m +a)? =0 
which gives x +a=0 as the locus required. 
Ex, 2, The orthoptic locus of 
x? ja? +y?jb?=1 
is found to be x? + y* =a? +b’, which is the director circle. 


Ez. 3. In the case of the circle, t? + y? =r?, it becomes z? + y* =2r? 
which is a concentric circle, 


Ex. 4. Find the orthoptic loous of the evolute of the parabola 
y*=4az, 
The tangential equation of the evolute is 4a? =27n? 
Making this homogeneous, we obtain— 
4a? +2747 (tx + ny) = 40k? + 272th? + 27 yn? =0. 
Putting —é/7=m, we get 
4am? + 27um~—27y=0 (1) 

Putting m= =m? in (1) we obtain 

27 yn? + 2am? +4a=0 (2) 


Now, the eliminant of (1) and (2) will give the required orthoptic 


locts. 


Ex. 5. The orthoptic locus of the evolate of @?/a? + y?jb?=1 
ig (a? + b?) (x? + y? )(a?y? +b? g3)? = (a? =b?) (a?y? =bg?) 


a sextic curve. 


144. If the equation of the curve be given in the 
parametric form x=f,(t), y=f,(¢), we may proceed to find 
the orthoptic locus as follows : 

Let ¢ and ¢’ be the parameters for any two points P 
and Q on the curve. 


a3 
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Then the equations of the tangents at P and Q may be 
written in the forms— 


æ+ ply =y) and 2#+¢(t’)y=VC) Qy) 
where ¢ and y are functions of t. 


The slopes of these tangents are— 


1 


na — -—.. 
pit’) 


_ l 
P(t) 
Hence, if they are perpendicular, we must have 
b(t). p) =O (2) 


If now we make the substitution u=t4t end v=ttť 
then, by means of equations (1) and (2) we can express (2, 1 
the co-ordinates of the point of intersection of (1) in tert 
of a.parameter u or v. 


Ex, 1. Consider the curve «=at?, y=2at 
Tangents at two points whose parameters are t and t’ are 
a2—ty+at* =0 
c—ty+at’? =O 


Since they are perpendicular, tt’ + 1=0, whence we get 


Wee ee at = 1 
t` 


-at a(t? -1) 


i.e., 2+a=0 is the orthoptic locus. 


Ex. 2. Consider the parabola— 
=at? +2bt+c=o(t) (say) 
y= At? +2Bt+C=V(t) (say) 


The equation of the tangent at any point is— 


wy'(t)—yo'(t) =o( ty (th —¢! (ty y(t 
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Here, o(t)=at? +2bt+c 
o'(t) =2at + 2b 
Similarly, y(t) =2At+ 2B, 
` The equation of the tangent is-— 
z(2At + 2B) — y(2ut + 2b)=(Ab—aB)t? + (Ca—cA)t+(Be—Cb), 
=s(t) (say) (1) 

Similarly, the tangent at auother point (F) is 

a(2Af’ +2B)—y(2at’ + 2b) ="(t’). (2) 


Since the tangents are perpendicular, wo have— 


W(t) . YŒ) Lay (3) 


If now we put w=é+?’, v=tt’, then, by means of equations (1), (2) 
and (3) we can find » and y in terms of u or v. 


145. EQUATION OF THE ORTHOPTIE LOCUS WHEN THE POLAR 
EQUATION OF A CURVE IS GIVEN: 


Let r=f(6) (1) 


be the polar equation of a curve. Then the polar equation 
of its first positive pedal can be obtained, as usual, in 
the form 


r=$(a). vee (2) 


In this latter equation r is evidently the length of the 
perpendicular drawn from the pole on the tangent, and a is 
the angle which this perpendicular makes with the initial 
line. 


Writing the equation of a tangent in the form— 
v cos a+y sin a=p, 
we have from equation (2) 


x cos a+y sin u=¢(a), (3) 
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A perpendicular tangent makes with the initial line an 
angle ti 


and consequently, its equation can be written as— 
—x sin a+y cos a=(—1)' ¢{(2k+1l) 5 +a} (4) 


From equations (3) and (4) we can express x and y in 


terms of a. 


Ex. 1. Find the orthoptic locus of the curve 7" =a" cos mô. 


The equation of the pedal is— 














ve 
or rma {cos a} m 
m+li 


Hence, the equation of any tangent may be written as— 





m+ 
m 0} =H 


æ% cos a + y sin ee here 
y C m+l 


whence, proceeding as in the article, the equation of the orthoptic 
locus can be found. 
Theorems of § 142 also hold for the orthoptic loci. 


Ex, 2, Find the orthoptic locus of the Cardioid r=a(1+ cos @). 


(The locus consists of a circle and a limaçon. | 


CHAPTER VII 
CHARACTERISTICS OF CURVES 


146. Putcker’s Eqvarioys: 


We shall denote the degree of a curve by n 
7? class 2 (Z) y In 

» number of nodes , 8 

39 ”? cusps 33 K 


5 „ double tangents ., 7+ 
‘3 į », Stationary ., 


and the deficiency by p. 


The six quantities n, m, 5, x, r, « are called Pliicker’s 
numbers or the Characteristics of the curve. 


Then we have mon(n—1)—26—"%. (§121) (1) 
c=3n(n—2)—68—8x. (§112) (2) 


The corresponding numbers for the reciprocal curve are 
obtained by interchanging n and m, r and ô, ı and x, 


Thus, from the reciprocal curve, we obtain— 
n=m(m—1)—2r— 3 (3) 
k=3m/ m—2)—őr— $ (4) 


From equations (1), (2), (3) and (4), we may express 
ô in terms of m, 7, «and r in terms of n, 6, k :— 


Thus, 2r=n(n—2)(n? —9) —2(n® —n—6) (28+ 3x) 
+48(8—1) + 128x +9k(x—1) (5) 

28 =m(m—2)(m? ~9)—2(m? —m—6) (2r +31) 
+4r(r—1) +12 + (1—1) (6) 
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The six equations 1—6 are called Plicker’s Equations.* 


Tt is readily seen that a curve has the same characteristics 
as any projection of the curve, but curves with the same 
characteristics are not necessarily the projections of each 
other. All curves with the same characteristics, however, 
are said to be of the same type. 


147. The above formula (5) is cumbrous in form and 
is not geometrically intelligible. We give here the follow- 
ing simpler form to the equation (9), which can be geo- 
metrically interpreted. 


It can easily be shown. that two double tangents coi n- 
cide with each of the tangents drawn from a node toa 
curve, three coincide with each tangent drawn from a 
cusp, four coincide with each line joining two nodes, sv. 
coincide with each line joining a node to a cusp, and nine 
coincide with each line joining two cusps. 


Now for a non-singular curve, the number of double 
tangents is given by r=}n(u1—2)(n?—9) and if the curve 
has 6 nodes and « cusps, this number will be reduced. 
Now, (m—4) tangents can be drawn from each node to the 
curve, and (m—3) tangents from each cusp. 


~ 28(m—4) double 
tangents coincide with 
the tangents drawn 
from the nodes, and 
d«(m—3) tangents coin- 
cide with those drawn 
from the cusps. The 
number of lines joining 


the nodes is }8(6—1), 





* Plicker—Solution «une question “oundamental concernant la 
théorté genérvale des Cuurbes—Cielle, Bd. 12 (1834), pp. 105-108. See 
also Cayley—Crelle, Bd. 34 (1847), p. 30. 
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and consequently they 
are equivalent to 28(5—1) 
double tangents. The 
number of lines joining ° 9 
the nodes with the 
cusps is òx, and they 
are equivalent to 60x 
double tangents. Final- 
ly, there are }x(«—1) 
lines joining the cusps, 
and they are equivalent 
to 28x«(x—1) double 
tangents. Thus the 





number of double tangents to a curve of order n, class m, 
with ô nodes and x cusps is— 


t= in(n—2(n* —9) —26(m—4) —3«(m—3) —28(5—1) 
— 68x —8x(x—1) se CO) 


This equation is, in fact, equivalent to (5). A similar 
expression may be obtained for the equation (6). 


148, THe BITANGENTIAL Curve: * 


We can however directly determine the number of 
bitangents of a non-singular n-ic, and for this purpose, we 
finda curve A=0 which intersects the x-7¢ in the points 
of contact of its bitangents. The curve A =Q is called the 
bitangentzal curve, and its order for a non-singular curve 
is, in general, (n—2)(n?—9). 


* Prof. Cayley first determined the curve passing through the points 
of contact of bitangents—Crelle, Bd. 34 (1847), p. 37. Another 
method for determining this curve has been given by Salmon—Quarterly 
Journal of Mathematics, Vol. III, p. 317, and demonstrated by Oayley 
—Phil, Transactions (1859), p. 193, and (1861), p. 357. 
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The roots in Aju of the equation (1) of § 63 give the 
points where the line joining the points (2, y, 2) and 
Cr”, y”, z”) meet the curve F=0. We have seen in that article 
that if (a’, y’, 2’) lies on the curve and(.c”, y”, 2”) is a point on 
the tangent, F(x, y',2))=F’=0 and AF’=0. If the 
tangent at (+, y', 2’) touches the curve elsewhere, then, 
making F'=0 and AF’=0 in that equation, the reduced 
equation of order (n—2) must have equal roots. Conse- 
quently, the discriminant D of this reduced equation 
must vanish for («’, y, z) and (+, y”, 2"), But, as in 
the case of a point of inflexion AF'=0 and A?*k’=0, 
and also A?F”’ contains AF’ asa factor, in the case of 
a bitangent the discriminant D must contain AF’=0 
as a factor, and the condition thus obtained is the 
condition that the point (r, y’, 2’) shall be a point of contact 
of a bitangent. 


Now, the reduced equation takes the form— 


AtA FHA MASP + +p" ~*F’=—0 


CS) jad 


The discriminant D of this contains terms of the form 
(A*E’)*~8F*~5, and therefore, D is of order (n+2)(n—3) 
in (v, y”, 2" Js of order (n—=2)(n—3) in (07, y’, z’), and of 
order 2(n—3) in the co-efficients of the original equation. 


But all the intersections of D=Oand A F’=0 will coincide 
with (2', y’,z'). For, the equation of the tangents drawn from 
(z', y', 2) (§ 67) is of the form kAF’+D(A*F’)?=0. 
Hence, these tangents are intersected by AF’=0 in no 
other point than (7, y, 2’). Thus, if we pat AF’=0 in 
this equation, we see that AF’ can neither meet D nor A?F’ 
in any other point than («’, y’, 2’). 


Now, therefore, we have two curves AF’=0 and D=0 
of orders 1, (v+2)(n—3) respectively ir (.2”, y”, 2") and of 
orders (n—1) and (n—2)(n—3) in («', y, 2’), and the 
(n+2)(n—3) poiuts of intersection of the two curves all 
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Suni ° Ah ots 2s 
coincide with (w’, y’, z’). Then, by a known lemma,* the 
condition that the curves have other common points is of 
order 


(n—2)(u—3) + (n—1)(n + 2)(1—3) — (n+ 2)(n—3) 
i.e., of order (u—2)(n?-9) in (wv, y', 2’). 


This condition A =0 is, therefore, of order (n+2)(n—3) in 
the co-efficients of AF’, of the first order in the co-efficients 
of D, and consequently, of order (1+4)(1—3) in the co- 
efficients of the original equation. 

Hence, the points of contact («’, y’, =°) of the bitangents 
of the curve F==0 are the points where A=0 meets it, 
and their number is therefore 2(m—2)(n*—9). 

But there are two of these points on each bitangent, 
the number of bitangents is, therefore, $1(n—2)(n* —9). 


Salmon has given an expression of the bitangential carve 
A =0 for a general curve of order n.t 


149. From Pliicker’s formule various other important 
results can be deduced : 


From (3) and (4), by eliminating r we obtain 
k—3n=1.—3m, or, «—1=3(n—m) (7) 
The same equation also follows from (1) and (2) by 
eliminating ô. We see, therefore, that the four equations 
are not independent, but they are equivalent to three 
equations only. 
From (1) and (3) it follows by subtraction that 
n? —m? =2(8— 7) 43(«—2) 
or, n? =m =2(8—7) +9 n— m). 
n (n—=m)(n+m—9)=2(8—7) (8) 
* Salmon—H. P. Curves, § 381. 
t Salmon—H, P. Curves, §§ 384-92, 
24 
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From (5) and (8), we obtain—- 
Hn m4 +3(n—m)] =3[2(8—1) + 4(x—9) 
=b—r4+2(x—1) 
or, 4n(n+3)—8—22x=}m(m+3)—7—2 (9) 


150. The equation (9) has a very simple geometrical 
interpretation :— 

We have seen (§ 21) that a curve is uniquely determined 
py in(n+3) given points, or, in other words, the equation 
of a curve of the nth degree can be made to satisfy $n(n+3) 
conditions. 

But the existence of a node reduces the conditions by 
one, and that of a cusp by two. Therefore, the number of 
points determining a curve of the nth degree, with 6 nodes 
and « cusps, is 3n/n+3)—8—2«, aud the above equation 
says that this number is equal to 3(m+3)—1—2, which is 
the equivalent expression for the reciprocal curve. 


Hence, a curve and its reciprocal polar are determined by 
the same number of conditions, as is otherwise evident, since 
when a curve is given, its reciprocal is determined. (See 


§ 62). 
Again, we have— 
3{n§ —m? —3(n—m) } =3(n—1)(n—2)—3(m—1)(m—2). 
The left-hand side, by (7) and (8), is equivalent to 
$(2(8—1) +2( « —c) [8 —74+K—e 
24(a=1)(n—2) 8K =H(m—1)(m—2)—1—c=p (10) 
The number p is called the Deficiency of the curve. 


The equation (10) says that a curve and its reciprocal 
have the same deficiency. By introducing the number p 
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we can write the formule in the following simple forms :— 


Pm -Ke—2Qn 





n+i— 2m 
2(p—1)=4 
| n(n —3)—2(8+«) 


_m(m—3)—2(r+1) 
Prof. Cayley * puts «.+3n = x+3m =a 


Then all the Plicker’s numbers can be expressed in 
terms of three only, namely, n, m, a, 


Thus, k=a-3m, t=a—3n 


28 =n? ~n+8m—3a, 2r=m? — m +4 Sn — 3a. 


151. Tue Posixr Axp Lixe DEFICIENCIES: 


We have seen that a curve does not, in general, possess 
singular points, unless certain conditions are satisfied by 
the constants in the eyuation. But the general equation 
represents a curve which ordinarily possesses certain double 
or stationary tangents. Thus, double tangents and 
stationary tangents may be reckoned as the ordinary singu- 
larities of a curve whose point-equation is given, while all 
other higher multiple tangents may be regarded as 
extraordinary singularities, the presence of which requires 
certain conditions to be fulfilled by the constants in the 
equation. But, if the tangential equation of a curve is given, 
the curve ordinarily possesses double and stationary points 
and cusps, but no singular tangents. Hence, double and 
stationary points are ordinary singularities of curves given 
by its tangential equation, but the presence of higher 
singular points are subject to certain conditions. Therefore, 


these ordinary singularities are such, that if any curve 


* Cayley—Quarterly Journal, Vol XI, p. 185. 
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possesses the one, its reciprocal will possess the reciprocal 
singularity. 

From all these considerations we are led to conclude 
that, if a curve has its maximum number of double points 
for a curve of that order, it has also the maximum number 
of double lines for a curve of that class. But it does not 
mean that the presence of double points on one leads to the 
presence of double lines on the other. The presence of 
maximum number of double points on a curve reduces its 
class to such an extent that the possible number of double 
tangents is thereby diminished, and made the same as the 
actual number. Similarly, in a curve of given class, the 
existence of the maximum number of double tangents 
reduces the order to such an extent that the possible number 
of double points is made the same as the actual number. 
Thus it is seen that for a curve of given order and class, 
the point deficiency and line deficiency are the same. 


152. CURVES WITH THE SAME DEFICIENCY: 


We shall now prove the following general theorem :— 


If two curves have a one-to-one correspondence, t.e., are so 
related that to any point of one corresponds a single point or 
tangent of the other, they have the same deficiency.* 


Let Sand S' be any two curves of orders n and n' 
respectively, whose classes are mand m’. Let 8 and & be 
the number of nodes and «x, «’ the number of cusps on 
them. Let pand p' be their deficiencies respectively. 


Let A and A’ be any two fixed points in the plane, and 
P and P’ two corresponding points on S, S’ respectively. 
Let C be the locus of the intersection of the lines AP and 
A'P’, 

The degree of C may be determined as follows :— 


* This proof was simnitaneously given by Zeuthen (Compt. rend 
Ac. Sc., Paris, Vol. 52, 1869, p. 742) and Bertini (Giorn. di Mat., Vol. 7, 
1869, pp. 105-106), 
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Consider any line AT through A. The number of 
intersections of AT with C will determine its degree. 
Now AT intersects S in n points, corresponding to which 
there are n points on 8’. Consequently, the » lines which join 
these points to A’ intersect AT in z points which lie on C. 
Again, the point A is a multiple point of order n’ on C; for 
AA’ intersects S’ in n points which correspond to n’ points 
on S. The n’ lines joining these n’ points on S to A meet 
AA’ in n’ points coincident at A, which is a point on AT. 
Thus the degree of Cis n+’. We obtain the same result 
by considering the intersections with C of any line through 
A’. The degree can, however, be easily determined by 
Chasles’ Correspondence formula, which will be explained in 
a subsequent Chapter. 


The class cf C is 22’ +m+e«—/1 or 2n+m'+«'—l, where 
l represents the number of cusps on 5 which correspond 
to l cusps on 8’. 


Consider the tangents to C which can be drawn from 
any point A. Since A is a multiple point of order x’, the 
tangents at A are to be regarded as equivalent to 2x’ among 
the tangents which can be drawn from A to the locus C. 
Other tangents may be determined in the following manner : 

Any line AP will be a tangent to C when two of the 
lines A’P’ corresponding to AP coincide, without, at the 
same time, two of the lines AP corresponding to A’P’ 
coinciding; for in this latter case, the intersections of AP 
and A’P’ will be a node on the locus, and AP will not be 
a tangent in the ordinary sense. 

The following three possible cases will then arise: 

(1) AP touches the curve 8; 

(2) AP passes through a node on S; 

(3) AP passes through a cusp on S. 

In case (1) AP will evidently also torch the locus C. 

In case (2), according as the node on S corresponds to a 
node ora par of distinct points on 8’, we have, corresponding 
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on the locus C, a node or a pair of distinct points; but 
in neither case is AP an ordinary tangent to C. 


In case (3), according as the cusp on S corresponds to 
a cusp or a pair of coincident points on S’, AP passes 
through a cusp on the locus C, or else is an ordinary tangent. 


Thus ordinary tangents are obtained only in cases (1) 


and (3). 


Now the class of S being m, the m tangents to S will 
be the tangents to C drawn from A. 


Again, if there are l corresponding cusps on S and S’, 
the number of tangents to C in case (3) will be x—l. It is 
to be noted that there are J corresponding cusps on C. 
Hence, the total number of tangents, which can be drawn 
from A to the locus C, is 2n'+m+e—l, 


t.e., the class of Cis 2n’-+m+«—l. 


Similarly, considering the number of tangents which 
can be drawn to C from A’, we find tor its class 


ntm +r =l. 
2 Hml = n4 m t — l, 
or, m+K—2n = m +n!’ —2yn’. 


But m=n(n—1)—28—3« and m'=n'(n’—1)—28'—3x’, 
 n(n—1)—28—2e—24n = n'(n'~1) — 28’ — 2x! — 22! 


(w—1L)(m~2) _s_ a = a S 
or, 2 f (2 sat =2 f T S i 


i.e., pp. 


Cor.: The deficiency of a curve and its reciprocal pol@ 
is the same. 


Ex. 1. The deficiency of a curve and its evolute is the same. 


Ex. 2, The Hessian, the Steinerian and the Cayleyan of a curve 
have the same deficiency. 
Ex. 3. A curve has the same deticiency as its inverse and pedal 


curves. 
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153. From what has been said in §46 about multiple 
points on a curve, it follows that if the curve has multiple 
points, the equations 1-6 still hold, subject to certain 
equivalent conditions. In fact, Pliicker’s equations are still 
satisfied, if a multiple point of order k be regarded as 
equivalent to $k(k—1) double points, and reciprocally, a 
k-ple tangent be replaced by 44(k—1) bi-tangents. 


Thus, if the curve has multiple points of orders 
ki, ka... we have 


m=n(n—1)—28—3x«—3k(k-1) 
and 1=3n(n—2) —68—8x—33K(k—1). 
Reciprocally, 
n=m(m—1)—2r—31—Bk(k-—-1) 
k==3m(m—2)—6r—8i— 33h (k- 1) 
where = extends over all the multiple points and tangents. 


It can easily be deduced that the deficiency of a curve 
with only ordinary multiple points with distinct tangents is 


3(m—2n+2). 


For, in this case «=O, 


n p=d(n—1)(n—2) —3 3k k-1) (§ 53) 
or, 2p =(n—1)(n—2) —Sk(k—1) 
={n 1—1)—3k(k—-1)} —2(n—1) 
=m—2n +2. 


=}(m— 2n +2). 


154. THe CHARACTERISTICS OF THE HESSIAN : 


We have already seen (§ 90) that the order of the 
Hessian is 38(n—2). If the original curve has no singular 
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points, the Hessian ordinarily has ro:double points,* and 
its Pliickerian characteristics are easily found to be— 

n =3 n—2), ô =0, x =, 

m =3(n—%)(38n—7) 

7 = 33(n—1)(n—2) (1 —3)(3n—8) 
an i = 9(n—2)(3n —8) p =3(3n—7)(3n—8) 
where 7’, m’, ò, «’.,,etc., denote the Pliicker’s numbers of 
the Hessian. 


If, however, the original curve has nodes and cusps, 
each node is a node on the Hessian and each cusp is a triple 
point. Hence, these numbers must be modified accordingly, 
if the original curve has nodes and cusps. 


155. THE CHARACTERISTICS OF THE STEINERIAN : ¢ 


There is a (1, 1) correspondence between the Steinerian 
and the Hessian. Hence, the deficiencies of the two curves 
must be the same. We have already found ($ 96) that the 
class of the Steinerian of a non-singular n-ze is 3(n—1)(n—2) 
and its order is 3(n—2)?. 


A point will be a node or cusp on the Steinertan, if it is 
a point whose first polar has two nodes or two cusps. The 
number of first polars having a pair of nodes (§ 98) is— 


$(n~—2)(n—3)(3n? —9n—5) 

and the number having two cusps is 12(n—2)(n—3). 
Hence, the characteristics of the Steinerian of a non- 
singular curve are— 
n =3(n—2)? m'=3(n—1)(n—2), 
Ò = $(1—2)(n—3)(3n? —9n—5) 
x’ =12(n—2)(n—3) 
T = 8(n—2)(n —3)(3n? — 3n —8) 
U=3(n—2)(4n—9) p =3(3n—7)(3n—8). 


* Pezzo—Napoli, Rend, Vol. 22 (1883). 
t Steiner—“ Allgemeine, etc., Crelle, Bd. 47, p. 4. 
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156. THe CHARACTERISTICS OF THE CAYLEYAN : * 


This curve has evidently a (1, 1) correspondence with 
the Hessian and with the Steinerian, and has therefore the 
same deficiency. 


We have already determined the class of this curve 
(§ 101) which also touches the inflexional tangents of the 
original curve. It has no inflexions, in general, and thus 
we obtain the following characteristics of the Cayleyan : 


n'=3(n—2)(5n—11) sm’ =3(n—1)(n—2) 
§’ = 8(n —2)( 5n—13)(5n* —19n-+16) 
K'=18(n—2)(2n—5)  v=0 

1'=$(n—2)?(n°—2n—1)  p'=}(3n—7)(3n—8) 


157. Tur CHARACTERISTICS OF THE INVERSE CURVE: 


From what has been said with regard to the process of 
inversion (§ 15) and the properties of inverse curves 
(§ 139), it follows at once that a curve and its inverse 
have a one-to-one correspondence and consequently, the 
characteristics of the latter can be easily determined. 


If fEus tu, tu, +... +u, =0 (1) 
be the equation of a curve, that of its inverse f is 
no(a? ty?) hu (o $y $F na (2) 


Hence, the inverse curve has a multiple point of order n 
at each of the circular points [and J, and has also an n-ple 
point at the origin. 

The degree of the inverse curve (2) is evidently 2n. But 
if the origin is a k-ple point on (1), the degree of the inverse 


* Clebsch—“ Ueber einige von Steiner behandelte Curven— 
Crelle’s Journal, Bd. 64, pp. 288-293. 


t A. S. Hart—Camb. and Dublin Matb, Journal, Vol. VII(1) (1863). 
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(2) is 2n—k. The degree will be further reduced, if 
Un, Ua- etc., contain some power of ras a factor, t.e.. if the 
curve (1) has multiple points at I and J. 


Then, as before, n' =2n 


But, if the origin is a multiple point of order k, the 
degree of the inverse will be 2n—k. 


A node on the given curve inverts into a node on the 
inverse, and in addition, each of the points I and J and the 
origin is an ”-ple point on the inverse. Each of these three 
points is then equivalent to 4n(n—1) nodes, 


Hence, ò =ò + 4n(n—1). 


Again, a cusp inverts into a cusp, so that we have «’=x. 
From these, the other characteristics of the inverse can 
be easily calculated. 


Thus,  m’=n'(n'—1)—28' —3x' 
=2n(2n—1)—28—3n(n—1) —3x 
= {n(n— 1)—28—3x} +2n 
=m+ 2n. 

'—3n' (n! —2) — 68’ —8x' 


=6n(2n -2) —65—9n(n—1) —8« 
=3n(n—2) +32 
=i+3n 
Similarly, t =2n(2n—7) +4mn-+ 2r 
and p =p. 
It is to be noted, however, that in these investigations, 


the curve is supposed to have only nodes and cusps and no 
other higher multiple points. 


It will be shown later on that the foci of a curve invert 
into the foci of the inverse curve, and that, if the origin is a 


CHARACTERISTICS OF CURVES 195 


focus on the curve, the circular points are cusps on the 
inverse. 

If I and J are each a multiple point of order f, and the 
line at infinity a multiple tangent of order g, and, f’, g’ denote 
reciprocal singularities, then the above results have to be 
modified. 


Thus, n' =2n—2f—g' 
m =m + 2n—2(2f+9') —(2f' +9) 
= 1(n—2f)(n—2f—-1) + (n—f—g')(n—f—g'—1) +8 


and so on. 


Ez. 1. A 2n-ic with n-ple points at I and J inverts into a curve of 
/t> same type, 


Ex, 2. Show that a bitangent inverts into a circle having double 
contact with the inverse. Hence, find the number of circles passing 
through a given point and having double contact with acurve. 


Ez, 3. Prove that on iuflexional tangent inverts into a circle of 
curvature of the inverse. Find the number of circles of curvature of a 
given curve which puss through a given point. 


Ex. 4. Shew that the curve 
C(v? + y?)? + 2(la+my)(z? + y?) + an? + Qhey + by? +2yz +2fy=0 


inverts into a cubic through the points I and J. 


Eo. 5. Prove that through any point O on the above curve, three 
real circles of curvature pass, besides the circle of curvature at O, and 
the three points of osculation lie or a circle through O. 


158, Tue CHARACTERISTICS OF THE PEDAL: 


From what hus been said in articles 137-39, it 
follows that the first positive pedal is the inverse of the 
polar reciprocal curve. Hence, the characteristics of the 
pedal can be obtained from those of the polar reciprocal 
curve by using the results of the preceding article, t.e., 
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in the results of that article, we have simply to interchange 
n and m, ô and r, ¿and «x. Thus, 


n= 2m" m =n + 2m, õ=)m(m—l)4r 
KE, T =2m(2m—7)+4mn + 28, 
U=3m+k, p =p. 


In cases of higher singularities, these numbers require 
to be modified according to the nature of the singularity. 


If f, g, f, g, etc., have their significance as in § 157, 
we have— 


n' =2m—f'—g, m' =n+2m— 2(g + 2f') —(2f+9') 
and so on. 


Taylor defines the pedal t of a pair of curves as follows: 


The locus of the vertex of aright angle whose arms 
envelope two curves of class m and class n respectively 
may be called the pedal of the two curves, or of the one 
wrt. the other, and the corresponding locus generated by 
the vertex of any other constant angle may be called a 
skew pedal. When one of the curves in the former case 
degenerates into a point, we obtain the ordinary pedal of 
the curve. 


* Taylor saya that the lines OI and OJ may be regarded as perpen- 
dicular to every one of the m tangents of a given curve of class m, 
which can be drawn from I and J respectively. 


Each of I and J, therefore, is an m-ple point on the pedal and this 
having no other point at infinity is of order 2m. When O is at a focus, 
each of the lines Ol and OJ is a tangent and also perpendicular to 
itself. Hence, these lines making up the point circle at O belong to the 
locus and the remaining factor is of order 2(n—1). 


Taylor—Messenger of Math., Vol. 16 (1887), p. 4. 


t Dr. C. Taylor—Proc. of the Royal Soc. of London, Vol. 37 (1884), 
p- 139. 
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Ez. 1. Find the characteristics of the second, third, etc., pedals 
of a given curve. 

Ez. 2. Find the characteristics of the first negative pedal. 

[This may be regarded as the polar reciprocal of the inverse curve 
with respect to any point; and hence, the churacteristics may be 
obtained from the results of § 157. 


n’=m+2n m’ = 2n 
8 =2n(2n—7) + 4inn +27, etc.] 


Ez. 3. Find the characteristics of the locus of the centre of a circle 
passing through a given point and touching a given curve. 


Ez. 4. Find the characteristics of the envelope of a circle which 


passes through a given point and whose centre moves on a curve. 


159. Tue CHARACTERISTICS OF THE EVOLUTE *: 


In order to determine the degree of the evolute, it is 
sufficient if we examine the number of points in which the 
line at infinity meets the evolute. 


Now, the points at infinity on the evolute arise (1) from 
the points at infinity on the curve, (2) from the existence 
of points of inflexion on the curve. 


Corresponding to a point at infinity on the curve, we 
have a cusp on the evolute, with the line at infinity as the 
cuspidal tangent. 


Let M be any point on the line IJ, and M’ its harmonic 
conjugate, then the normal at M is the line IJ (§ 127). 
But if the consecutive points of the curve, antecedent and 
subsequent to M be Land N, their normals are LM’, NM’. 
Hence, M’ is a point through which three consecutive 
normals, z.e., three consecutive tangents to the evolute pass, 
and is, therefore, a cusp with IJ for its tangent. 


Now, the cuspidal tangent meets a curve in three conse- 
cutive points at a cusp, and the n points at infinity of the given 


* Steiner—“ Uber algebraische Curven und Flächen ”—Crelle, 
Bd. 49, pp. 340- 
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curve give rise to the same number of cusps on the evolute, 
which are then met by the line at infinity in 8n points. 


Again, a point at infinity on the evolute is the point of 
intersection of two consecutive normals to the given curve 
which are parallel. The corresponding tangents to the 
given curve will therefore coincide, and the point of contact 
will be an inflexion on the given curve. Therefore, the 
ı points of inflexion on the given curve give rise to ı points 
at infinity on the evolute. 


Hence. the line at infinity intersects the evolute in 
t+3n points, or in other words, the degree of the evolute 
ts t+3n. 


If the curve passes through either I or J, these give rise 
to no points at infinity on the evolute, and consequently, the 
degree will be diminished by 3. 


If, again, the line at infinity IJ touches the curve, the 
normals for the two consecutive points in which it meets 
the curve coincide with IJ ; and consequently two, consecu- 
tive tangents to the evolute coincide, č.e., there is a point of 
inflexion on the evolute, having IJ for its tangent. But this 
takes the place of two cusps which we have when IJ meets 
the curv? in distinct points, and the degree of the evolute is 
reduced by three. 


Hence, if each of the circular points is an f-ple point on 
the curve and the line at infinity touches it at g points, the 
degree of the evolute is— 


n =t+d3n—3(2f+ 9) 
=a—3(2f +g) 


160. The class of the evolute may be determined by 
considering the number of tangents which can be drawn to 
it from any point, or what is the same thing, by considering 
the number of normals which can be drawn from any point 
tothe given curve. We may examine the case when the 
point is at infinity. 
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Now, the number of normals, distinct from the line at 
infinity itself, which can be drawn parallel to a given line, is 
equal to the class m of the curve. Again, the n normals, 
corresponding to the n points at infinity on the curve, 
coincide with the line at infinity, and consequently also pass 
through the assumed point. 


Hence, the number of normals which can be drawn to the 
given curve from any point is equal to the sum of the order and 
class of the curve, i.e., equal to the sum of the orders of the 
curve and its reciprocal. 


Thus, the class of the evolute m’=n+m. 


If the curve passes through a circular point, the normal 
at that point does not coincide with the line at infinity, and 
consequently, the number of normals is one less than in 
general. If either of these points bea multiple point of 
order f, the number will be reduced by f. 


If, again, the line at infinity is a tangent to the curve, 
the number of finite tangents which can be drawn 
through a point at infinity is one less than in general, and 
consequently, the number of normals is also one less. 


Thus, if the line at infinity touches the curve at g points 
and the curve has f-ple point at each of I and J, the number 
of normals is m+n—2f—gq, t.e. the class of the evolute is 


m' =m+n—2f—g. 


It is to be noticed that, in general, no two consecutive 
normals of the curve coincide. For, in that case, the 
corresponding tangents coincide with their normals and with 
each other ; and this can happen only in the exceptional 
case where the original curve has an inflexional tangent 
passing through I or J. Consequently, two consecutive 
tangents to the evolute cannot coincide, or in other words, 
there is no infleatonal tangents of the evolute. Hence, '=0. 


If, however, the curve touches the line at infinity, there 
is a point of inflexion at infinity on the evolute; and the 
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curve passes through I or J, the evolute has an _ inflexional 
tangent passing through the same point. 


Hence, in this case, = 2f+g 


We can now easily calculate the other characteristics of 
the evolute by means of Plucker’s formulae. 


Thus, Kw =3n! +d —3m'=3 (0+ 3n) +0 —3 (m+n). 
Since, (=0, «’=9n—3(m+n) +3=3{2n—mt+e} 


When the curve touches the line at infinity at g points and 
has f-ple point at each of I and J, we have— 


w= 3n' +) —3m’ 


=3{1+3n—3(2f-+g)t +(2f-+g9)—3(m+n—2f—g) 


=3a—3(m-+n)—5(2f+g) 
where a=c+3n 
And =} {n —n'+8m'—3a'} 
T =3{m'* —m'+8n'—3a'} 
where a’ =t +3n' =3a—8(2f+ 9). 
Finally, pa=i{n'+¢—2m'}4+1 (§ 150) 
=1{1+3n—2(m+n)} +1 
=p 


Ez. 1. Find the characteristics of the evolute of a*y*=2', 
n’=8, m’=8, p=0. 


Ev. 2. Find the number of points on a curve where the osculating 
circle has a contact of the third order. 


[The existence of a cusp of the evolute not lying on the line at 
infinity indicates the coincidence of three consecntive tangents of the 
evolute, and consequently of the coincidence of three consecutive 
normals to the curve, or m other words, corresponding to such a cusp 
on the evolute, we have a point on the curve where three consecutive 
normals coincide, i.e., the osculating circle has a contact of the third 
order. Thus the number of such points =«’—7, since the n cusps on 
IJ do not give any such point. 


k —n=5n—8m + 8:. | 
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Fe. 3. Flow many limes arc normal to a curve at two points - 
A bitangont on the evolute corresponds to such 2 normal to the curve. 


{ Hence, there are 7’ such points. But the n normals corresponding 
to the » points at infinity on the curve coincide with the line at 
infinity. Therefore, excluding these 1n(n—}) normals, corresponding 


to these n points, which coincide with FJ, there are then 


ar — n(n —1)= b(n? —2mu— bn n) 
points. | 
Er. 4 Vind the number of normals common to two enrvea of 
orders v, and n., and of class m, and m, respectively. 
{Evidently such normals are the common tangents of their evolutes, 
whose classes are m, tn, and m, + ny. 
Hence the required number ~ (ie, +U, )( mes +o). |] 


Er. 4. Find the Pliieker’s numbers for the eurve 


(a: + y)” +(e y)” 2u” 


» 


[This is the evolnte of the enrve r” ty'—>a*.] 


161. Tne CHARACTERISTICS oF PARALLEL CURVES : 


To determine the degree of the parallel curve, we pnt 
k=0 in the equation, which does not affect the terms of the 
highest degree in the equation. The result of putting k=0 
is, however, the original curve written twice together with 
the two sets of m tangents drawn from the circular points Í 
and J to the curve, 


Hence, yw! 2a $0). 


Again, the number of tangents which can be drawn 
parallel to any given line is double that which can he so 


drawn to the original curve, se.. m'=2m. 


To each inflexional tangent on the emeinnl correspond 
2 g ] 
two on the parallel curve, and therefore į =2.. 


From these we can easily calenlate the other charac- 
teristics. 


26 
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thu, Aep 
= 2t-+3{2m—2(m+n)! 
=2a 
and s0 On. 


The parallel curve and the original curve have the same 
normal and the same evolute. 


Ex. 1. Find the characteristics of a parallel curve, when the 
original curve touches the line at infinity, and the points I and J are 


multiple points on the curve. 
Er, 2. Find the characteristics of the parallel to a parabola. 


Ex. 3, Interpret the tangential equation of the parallel to the curve 
2. [3 2 
w? + y*=a T 
(The parallel is (g2 +n?) = faint kl +0°)?} | 


Ex, 4. Find the characteristics of the envelope of a family of circles 
whose centres lie on a given curve and which touch a given circle. 

Ez, 5. Find the pedal of the parallel curve and show that it is the 
same as the locus of a point Q takenon the radius vector OP of the 
pedal of the curve, such that PQ= +k. (This locus is called the 


conchoid of the pedal.) 


162, THE CHARACTERISTICS OF THE OrtHopti Locus : * 


In order to determine the degree of the orthoptic locus. 
we have to examine its intersections with the line at infinity. 
The line at infinity meets the locus only at I and J and in no 
other point, and each of I and J is a multiple point of order 
im(m—1). For, m tangents can be drawn to a curve from 
each of the circular points I and J and these may be taken 
in pairs in }m(m—l) ways, and every pair may be regarded 
as at right angles to one another. Each of the points I and 
J is, therefore, a multiple point of order }m(m—1), and these 
are, in general, the only points at infinity.t 


* Taylor—“ On the Order of Orthoptic Loci ’—Messenger of Math., 
Vol. XVI (1887), pp. 1-5. 

+ O. Zimmermann calls this curve “ Orthogonale "—Crelle, Ba. 126 
(1903), p. 183. 
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For, let A and B be two points on the line IJ, harmonic 
conjugates with respect to Land J. The two tangents from 
A and B intersecting at C are then perpendicular, and 
consequently, C lies on the orthoptic locus. If then A and 
B approach I, C also approaches I, while C(1J, AB) remains 
harmonic. 

If the tangents from A and B are not consecutive, 
U becomes the point of contact of either tangent. 

Now proceeding to the limit, we see that to each pair of 
tangents to the given curve from [ corresponds a branch of 
the orthoptic locus through I, and the tangent to this branch 
is harmonic conjugate to IJ with respect to these tangents. 
Since the class of the curve is m, the m tangents through I 
may be taken to constitute }in(m—1) such pairs of 
tangents, and consequently, there is the same number 
ynu(av—1) of branches of the curve which pass through I: 
or in other words, each of the points I and J is a multiple 
point of order }ma(ax—Il). Further, it can be easily seen 
that there is no other point of the locus on JJ. 


Hence, the degree of the orthoptie locus is— 


vw =mim—L). 


163. To find the class of the orthoptic locus, it is 
sufficient to find the number of tangents which can be 
drawn to the locus from J. 


Since each of | and J is a multiple point of order 
tm(m—I1), there are m(m—1) such tangents at J (§ 65) 
which are to be regarded as tangents drawn from J to the 
curve. In order to find the other tangents we proceed as 
follows : 

In the figure of § 142, let PP’ pass through J; then QR 
passes through I, for P(QR,IJ) and P'(QR.IJ) are 
harmonic. 

In the limit, Q, R become the points of contact of the 
perpendicular tangents PQ, PR; and the tangent at P to 
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the orthuptie locus passes through J while QR passes 
through I. 

If a line through l intersects he given curve at Q 
and R, and the tangents at Q and R meet in O, let L be a 
point on [QR, such that O(QR, IL) is harmonic. Now 
consider the envelope of the line OL. Every tangent from 
J to this envelope (distinct from IJ) will be a tangent to 
the orthoptie locus. Hence, the number of tangents to the 
orthoptic locus drawn from J {points of contact not lying 
on IJ) is equal to the class of the envelope of OL, which is 
evidently equal to the namber of its tangents drawn from 1. 

It is veadily seen that OL cannot pass through I, unless 
(QR touches the given curve at Q but not at R, or cice 
UCCISA. 

In this case then IQR will touch the envelope at a point 
K, such that (IK. QR) is harmonic. Therefore, each tangent 
from l to the curve is an (n—2)-ple tangent to the envelope, 
and consequeutly, the class of the envelope is m(n — 2). 

Thus, finally the class of the orthoptic locus is— 

m =i(a—1) + m(n — 2) = mm4 n— 3). 

Jn order to determine the number of cusps, it is to be 
uoticed that, since a cusp may be considered as arising from 
the coincidence of two consecutive points on the locus, the 
points of intersections of an inflexional tangent to the 
given curve with a perpendicular tangent are cusps on 
the orthoptic locus, and in general, there are no other cusps. 
But, there are m perpendicular tangents to cach inflexional 
tangent of the given curve. Consequently, the number of 
cusps on the orthoptic locus is x’ =u. 

Prom these we can easily calculate the other charac- 
teristics of the orthoptic locus. 


Thus. ¢=«’—3(n'—m’) 
=im—3{m(a— 1)—m(m+nu—3) j 
=m(e-+dn—b6) 
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ae +3! =n +3 (3m — ma — m) + 8 Ga— 1) 
28's n!2 mn Rn’ —B( $3) 
=n! ? —10n' +8! — 30’ 
=m? (m—1)? —10mim—1) +8 mn(m+tu—>) 
—3m(t+3u—6). 
=mef{(m +1) Gn —2)? —2r} 
Ir =e’? — mn’ —8n' —3(«' + 3m’) 
=m{m(n+ n)? — (6m? + 6m +n! )—m +22 + 26} 
The deficiency is given by— 
2p’ =m’ +n —2n'+2 (§ 135) 
=m(m-u—3) +1—2m(m—1) +2 
=(m—1)(m—2)4+2 mp 
p =} (m—1)(m—2) + mp. 

164. There is no difficulty in seeing how these numbers 
are to be modified, if the original curve touches the hue at 
infinity or passes through the circular points at infinity. 

Thus, if the line at infinity touches the curve at g 
different points, we have— 

w’ =(m—y)ln—1) m' =(m—y)(n-u-—s—q) 
K=(m—y)e; and so on. 

in order to obtain these results we recall the results of 
§ 143. U will be noticed that if the curve touches the line 
at infinity, the absolute term will not appear in its 
tangential equation, aud the co-efficients in the eliminant 
are of degree (m— l1), and the degree of the orthoptic locus 
is, therefore, (m—1)*. 

Hence, the orthoptie locus of a circle is a circle, while 
that of a parabola is a straight line (the directrix). 

If, however, the linear as well as the absolute term are 
absent. the line at infinity is a bitangent or a stationary 


tangent, and the co-efficients in the eliminant are of degrec 
(m—2), and the orthoptic locus is of order (m—2)(m—1). 
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Aud generally, if the line at cufinedy is a multiple tangent 
of order g, the degree of the orthoptic locus of a curve of the 
mth class ts (m—g)(m—1). 

lu a similar manner, the class is found to be— 

m =: m—y)(m+-n—3—G) 

The taugeutial equation of the evolute of the parabola 
is das? =27y?. 

Here the linear and the absolute terms are absent, and the 
orthoptic locus is a parabola. 

The line at infinity is a bitangent to the evolute of the 
ellipse, and hence the orthoptic locus is a sextic curve. 

Dr. C. Taylor in a note, published in the Proc. of the Royal 
Society of London, Vol. 37 (1884), pp. 1388-141, propounded 
a number of theorems on the isoptic and orthoptic loci of a 
curve, where he remarks that these had been verified by 
analytical methods in an unpublished paper by one Mr. J. S. 
Yeo. The theorems stated here are taken from the said note. 

In a similar manner, the Pliicker's numbers are to be 
modified when the curve passes through I and J, or has 
multiple points at those points. 


Ez. 1. Show that the orthoptic locus is a circle, when the curve ia 
a central conic (or a circle). 

Ev. 2. Show that the orthoptic locus is a straight line, when the 
curve ia a parabola. 

Ez. 3. The orthoptic locus of a quartic curve of class 3, touchiag the 
line at infinity at two points dividing IJ barmonically, is a straight line. 

Ex. 4. Find the characteristics of the orthoptic locus when the 
inflexional tangents of the curve pass through the circular points. 

[n =(m+1)(m—2), m’=m(mt+n—4), K aim—4.] 

Ex. 5. Find the characteristics of the orthoptic locus of the evolate 
of a curve. 

(The locus is the same as the locns of intersections of perpendicular 
normals of the curve. Hence, 


n =(m—1)(m+n—2), m =(m—1)(4m + «—6), etc.) 
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165. THe CHARACTERISTICS OF aN Isoptic Locus *: 


Since each of the circular points is an m/m—1)-ple point 
on the isoptic locus, proceeding in a manner similar to that 
in § 162, it is found that the degree of the isoptic locus is— 


n'=2m(m—1). 


To find the class, the tangents at | are regarded as 
2m(m—1) tangents which can be drawn from I to the curve; 
and proceeding as in § 163, it will be found that there are 
other @m(n—1) tangents which can be drawn from I to 


the curve. 
Thus, m'=2m(m—1)+2m(n—1) =2m(m+n—2) 
Also, x = 2m 


From these we may calculate the other characteristics 

Thus, J=m(2m—3)(m? —m—1) + 2mr, 

r=m{2m(m+n)? —(8m? +8mn +n?) —2m 4+ 124+ 28}. 
'=2m(3nt+ «—3) p'=(m—1)? +2mp. 


Ex. 1. Find the characteristics of the envelope of a chord of a 
curve which subtends an angle of given magnitude at a given point. 


Ez. 2. Prove that the envelope of a circle which passes through a 
fixed point and subtends a constant angle at another is a limacon. 

Ex. 3. The isoptic locus of a parabola consists of the line at infinity 
twice and a central conic (Taylor). 


Ex, 4. Prove that the pomts of contact of the tangents drawu 
from the circular points to any curve are single points on the orthoptic 
locus, and double points on [soptic locns (Tayler). 


166. Ortner Derivev Cukves: 
Besides the curves discussed in the preceding articles, 
a good number of others might be derived from a given 


curve by means of various known processes. But separate 
discnssions of such curves are not considered necessary. 


* C. Taylor—‘‘ Note on a Theory of Orthoptic and Isoptic Loci ”— 
Proc. of the Royal Soc. of London, Vol. 37 (1884), pp. 188-141, 
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Properties of such curves may be discussed independently 
as occasion arises. We shall, however, conclude this chapter 
with a few examples, which the students are required 
to work out for themselves. 


Ex. 1. If on the radius OP of a straight line, we measure off 
distances PQ= +k, the locus of Q is a curve having a node at O 
and n tacnode at infinity with the given line as tangont. 


[The locus is called the Conchoid of Nicomedes. | 


kv, 2. Find the locus of a point Q taken on the radins vector OP 
to a circle throngh the point O such that PQ= +k. 


[This locus is called Pascal’s Limacon. | 
Ev. 3. Discuss the nature of the origin in Ex. 2. 


Re, 4, Any straight line OP intersects two given curves nt P, and 
P.. Find the locus of a point P such that OP=OP, —OP,. 


[This cnrve is called the Cissoid of the curves for the pole O. | 
Ev, 5, Wind the characteristics of the locns in Rx. 4. 

[n =2Qnr yuo, MEN M, AMM, HAN Ng K EN Hg tRy, 
where ni, Mis Ka ete, and ng, Ma, Ka, CtC, are the characteristics of 
the two given curves. | 

Ex. 6. Find the locus of P and its characteristics, if in Ex. 5, 
OP=k,OP, +k,OP., where i:,,k, are constants. j 


Er. 7. Show that the cissoid of two circles, one of which passes 
throngh the origin, is a quartic curve having a node at the origin and 
two nodes at the circular points (A bi-circnlar quartic). 


Ec. 8. If on the radins vector OP of a curve, PQ = +k is measnred 
off, where k is a constant, the locus of Q is the cissoid of the given 
curve and the circle with centre O and radius &. 


[This curve is called the conchoid of the curve. Cf. Ex. 1.] 


Ex. 9. Find the conchoid for the conic given by the general 
£ ) g 


equation of the second degree. 


Ex. 10. Show that the characteristics of the locus of the centre 
of a circle orthogonal to a given circle and touching a given 2n-tr 
with »-ple points at I and J are the same as those of the reciprocal 
to the given 2n-vre. 


CHAPTER VIII 
Foct oF CURVES. 


167. It is shown in Treatises on Conic Sections * that 
the foci of conics are the points of intersection of the 
tangents which can be drawn to the conic from the two 
circular points at infinity. This conception of the foci of 
a conic has been extended by Pliicker,t who gives the 
following definition of the foci of a curve in general :— 


Foci of a curve are the points of intersection of the 
tangents drawn to the curve from the circular points at 
infinity. 

THEOREM: Á curve of the mth class has, in general, m? 
foci, of which only m are real. 


Since m tangents can, in general, he drawn to a curve 
of class m from any point, 2m tangents can be drawn to the 
curve from the two circular points at infinity. These 
tangents are all imaginary, and they intersect in m* points, 
which are the foci of the curve. 


But m, and only m, of these points will be real, if the 
curve is real; for, if one of the tangents drawn from the 
circular point I be of the form A+7¢B=0 (A and B being 
linear functions of the co-ordinates), one of the tangents 
drawn from the other circular point J will be of the form 
A—zB=0, these two intersecting in the real point A=0, 
B=0. All the other J-tangents will be of the form 
C—zD=0, none of which can intersect the I-tangent 
A+: B=0 in a real point unless C/A=D/B, in which case 
A—zB =0 and C—:D=0 become indentical, 


* Salmon-—Conics, § 258, p. 238. 


+ Pliicker—Crelle, Vol. X (1832), pp, 84.91, Also Cayley—Coll. 
Papers, Vol. VI, p. 515, 
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Therefore, a real focus of the curve is the intersection 
of an J-tangent with its conjugate J-tangent, and hence the 
number of real foci is m. For example, a conic has four 
foci, of which only two are real. 


168. In the preceding investigation, it is assumed 
that the points i and J have no special position with 
_veference to the curve. But if the curve passes through, or 
has singularities at, these points, the number of foci must 
be determined by a special method. 


THeorem: If the line at infinity is a multiple tangent of 
order g, ì.@., touches the curve at g points, a curve of the mth 
class has (m—g) real focit. 


Let the line IJ touch the curve at g points A, B, O, etc., 
distinct from I and J. Then IJ is to be regarded as g of 
the tangents from I or J to the curve. Then the I-tangents 
are made up of the line IJ counted g times and (m—g) 
other tangents. Similarly, the J-tangents consist of the 
line IJ counted g times and (m—g) other tangents. Then 
the foci of the curve, which do not lie at infinity, are the 
(m—g)*® intersections of the (m—g) I-tangents with the 
(m—g) J-tangents, and of those only (m—g) are real, 


Again, the point I counts as g(m—g) foci,* for, it may 
be regarded as the point of intersection of g J-tangents (IJ) 
with the (m—g) I-tangents. Similarly, the point J counts 
as g(m—g) foci. Then again, the g I-tangents (IJ) intersect 
the g J-tangents in g* points, of which only g are real, and 
these are the g points of contact of IJ with the curve. 
Thus the foci of a curve, which lie at infinity, consist 
of g(m—g) at each of I and J, and g* on IJ, of which only 
g are real. 


# The foci of a curve are to be distinct from the circular points 
I and J. Therefore they are not to be counted as foci. There are 
different opinions as to the way of counting the foci that lie at infinity. 
The reader is referred to Prof. Cayley’s, paper—Coll. Works, Vol. VI, 
p. 515, and also to Salmon’s Higher Plane Curves, § 138, 
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Hence, the foci of a curve are—(1) (m—g)? finite, 
(2) g(m—g) at I, (3) g(m—g) at J, (4) g’ on IJ, the total 
number being (m—g)* +2g(m—g)+g° =m"; of these (m—g) 
are real at a finite distance, and g at infinity. 


Es. The parabola is touched by the line at infinity. Its class 
being 2, it must have two real foci, of which one is at a finite distance 
and one is at infinity, te, at the point of contact with the line at 
infinity. 


169. THeorEM: If a non-singular curve of the mth class 
passes through the circular points at infinity, the curve has 
(m—2) real single foci, and one real double (singular) focus. 


Since from a point on the curve, not more than (m—2) 
tangents (exclusive of the tangent at the point) can be 
drawn to the curve, when I, J are points on the curve, 
(m—2) tangents can be drawn to the curve from each of 
the points I and J, exclusive of the tangents at these points. 
Thus the curve has (m—2)? finite foci, of which (m—2) 
only are real. 


The two tangents at I and J are the limiting positions 
of the four tangents which can be drawn from the imaginary 
points I’ and J’ in the neighbourhood of I and J respectively. 
These four tangents intersect in four points, of which two 
are real and two imaginary. But when I’ and J’ move up to 
coincidence with I and J, the two real points coincide into 
one and form a double focus. This point is not usually included 
among the ordinary foci, and is called a singular focus. 


In fact, the four points ot intersection coincide into one, 
which, therefore, should properly be called a quadruple 
focus, but if we regard this as a real focus, it must be 
considered as a double one. Thus, the intersection of the 
tangents at I and J is a real double focus. 


The foci of the curve then consist of :— 


(1) (m—2)* finite foci, (2) 4 foci at the intersection of 
the tangents at I and J, (3) 2(m—2) foci at the intersections 
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of the (m—2) I-tangents with the tangent at J counted 
twice, (4) 2(m—2) foci at the intersections of (m—2) 
J-tangents with the tangent at I. 


The real foci are then (m—2) single foci and one double 
focus, which is the singular focus. 


Ex. The circle passes through I and J and its class is two. The 
centre is the real (double) singular focus, or a quadruple focus, 
considering the imaginary foci also. 


Combining this with the theorem in the preceding 
article, we obtain the theorem :— 


If a non-singular curve of the mth class passes through the 
circular points at infinity, and the line at infinity ts a multiple 
tangent of order g, the curve has (m—q—2) real single foci 
one (double) singular focus, and g real foci at infinity. 


ọ 170. Tsrorem: If the circular points are nodes on a curve 
of class m, the curve has m—4 real single foci and two real 
(double) singular ones, which are the two real points of 
intersection of the nodal tangents at the circular points. 


When the points I and J are nodes on a curve, the 
number of tangents which can be drawn from each to the 
curve is m—4 (exclusive of the nodal tangents). Therefore, 
the number of real single foci is m—4. Again, any one 
of the tangents at I intersects its conjugate nodal tanyent 
at J in a real point, which is a double focus, and it 
intersects the other nodal tangent at J in an imaginary 
point. Since there are two pairs of conjugate nodal 
tangents, there will be two real singular foci. Hence, the 
real foci of the curve are (1) m—4 single foci, (2) two 
(double) singular foci. 


In general, if each of the points I and J is a multiple 
point of order k on the curve, it can be shown, in a similar 
way, that there are k? singular foci, each of which counts 
as four, and of which only k are real; and since only m—2k 
tangents can be drawn from each of I and J to the curve, 
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there are (m—2k)? ordinary foci, of which m—2k are real 
single foci. 

If the line at infinity is a multiple tangent of order 
g, the number of real single foci is m—g—2k, and that 
of the real singular foci is k, and there are g real foci at 
infinity. 


171. THEOREM: If the circular points are cusps or 
infleztonal points on a curve, of class m, it has m—3 real single 
foci and one real triple focus, which is the intersection of the 
cusptdal (or inflextonal) tangents at the circular points. 


From acusp ora point of inflexion, m—3 tangents, in 
general, can be drawn to the curve, distinct from the 
cuspidal (or inflexional) tangent. Therefore, from each of 
the points I and J, (m—3) tangents can be drawn, and 
consequently, the number of real single foci is m—3, 


Each of the cuspidal (or inflexional) tangents at I and J 
counts as three tangents, and therefore, their point of 
intersection counts as nine intersections, of which only three 
are real, and the point is regarded as a real triple focus. 
Thus, the real foci of the curve are :—(1) m—3 real single 
foci, (2) one triple focus. 


When the line at infinity is a multiple tangent of order 
g, the number of real single foci is m—g—3, and there is a 
triple focus. 


172. In all these investigations we have assumed that, 
except at the circular points, the curve possesses no other 
singularities. But, every line joining the circular points 
to a double point has a contact of the first order with the 
curve at the double point, which can, therefore, be regarded 
as satisfying Pliicker’s definition of a focus, in which no 
distinction 1s made between contact and tangency. If, 
therefore, a curve has ô nodes and cusps, exclusive of the 
cirgular points, these points should be included in the 
number of foci, and in the above formule, giving real single 
foci, m should be replaced by m-+-28+4 3k. 
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173. THE CO-ORDINATES OF THE Foci: 


The co-ordinates of the foci of acurve can be determined 
by forming the equation of the tangents which can be 
drawn from the point I to the curve by the method of § 67. 
The equation thus obtained will be of the form : 


P+72Q =0 
aud the corresponding equation for the point J will be— 
P—:Q=0, 

The intersections of these two systems of tangents will, 

therefore, be determined by the equations 
P=0, Q=0. 

Thus, if f,, f, denote the first differential co-efficients 
of f with respect to z and y, and f,,, fia, Otc., denote the 
second differential co-efficients, then the equation of the 
system of tangents drawn from the point (1, z, 0) to the 


curve f=0, is obtained by forming the discriminant of the 
equation 


AfA (Ff, Hifa) HEA 2 Hf, —fas) +... =0 


The foci are then determined by equating the real and 
the imaginary parts of the discriminant separately to zero. 


In actual practice, however, the following method is 
very convenient : 


Let F(é, n, 2)=0 be the tangential equation of a curve of 
class m. 


The condition that the circular line x—2'+2(y—-y')=0 
through a focus (2’, y’) should touch the curve is obtained 
by putting 1, 7,—(.'+iy’) for é 7, £ respectively in the 
given equation F (é, n, £)=0 of the curve. 


Kquating the real and imaginary parts of this separately 
to zero, the co-ordinates (2’, y’) of the foci are determined 
as the intersections of two loci. 
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Eo, 1. Find the foci of the conic defined by the general equation 
of the second degree. 
The tangential equation of the conic is— 
AE? + Bn? +c? +2 Fn + 2G + 2Hin=0, 


Substituting 1, ',—(2’ + ty’) for &, 7, ¢ in this equation, and equating 
the real and imaginary parts separately to zero, we obtain for the locus 
of (s, y')— 

C(2* ~—y?) + 2Fy—2G2+A—-B=0 


Cay—Fa—Gy+H=0 


which represent two rectangular hyperbolas. From these equations 
the co-ordinates of the foci can be determined. The chord of contaot 
is evidently the directrix. 


By analogy, the chord of contact of the two circular lines through 
a focus of any carve may be called the corresponding directrix. 


Ea. 2. Find the rea! foci of the curve given by— 
4399? —3t? +1=0, 


Making the equation homogeneona by introducing powers of 
C, we have— 
4t%n? —3E2¢3 + ¢* =0 


Now, putting ¢=1,7=i and ¢=—(v' +iy), the resulting equation 
gives us— 
(o +iy)?=4 or (a +iy)’=—1 


Hence, we have either s’ +iy’= +2 or #' +#y= +i 
The first eolution gives w= +2, y'=0 
The second gives e=0, y=t!l 
“. The foci are (+2,0), and (0,41). 
Ke, 3, Find the real foci of the curve ¢* +?7*=0 
Putting t=], =i, (= —(#' +iy’) 
we obtain (s +iy’)*=1 
(2 +iy’)®= +41, whence a’ +iy’=+1, or, 8 +iy’= ti 


which give the foci (+1,0), and (0,41). 
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Es. 4. Find the foci of :— 
(i) C? + nC? +2? —22¢ + enG + 2E? =0 
[Foci (1, +1), (0, 1)) 
(ii) 27 kn f+ 4g? =0 
[Focus (—2/k, 0)). 


174. From what has been said above, it follows that, if 
the tangential equation of a curve be given, the co-ordinates 
of the foci can be determined for special forms of the 
equation. Using tangential co-ordinates, let a, B, y,... 
denote the foci and w, w the two circular points at 
infinity. Then, since the lines aw, aw’, Bw, Bu’,...are tangents 
to the curve, the tangential equation must be of the form 
aßyð...=ww h, where p is an expression of order m—2 in 
tangential co-ordinates. 


Now, for a curve of the second class, ww’ is constant and 
the equation becomes aB=ww'=constant. The geometrical 
interpretation of this is that the product of the perpendiculars 
drawn from the two foci on any tangent is constant. 


The equation of a curve of the third class can be 
similarly put into the form aBy=ww'd, and the geometrical 
interpretation of this equation is that the three tangents 
drawn from the foct a, B, y (besides the circular lines) are 
concurrent in a fourth point, and therefore, the product 
of the perpendiculars from the three foci of a curve of the 
third class on to a tangent is in a constant ratio to the 
perpendicular drawn on the same tangent from a fourth 
point 5. A similar interpretation can be given in the 
genera | case. 


175. EQUATION or ConrocaL Curves: 


Let f (é, 7, €)=Obe the tangential equation of a curve 
of class m. Then the equation of a curve having the same 
foci as the given curve may be written as 


FE 1, £)+wu'dh(é, N, ¢)=0 is (1) 
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where ww is of degree 2 and represents the circular points 
at infinity, lé, n, ¢)=0 represents a curve of class m—2. 

Considering the two circular points as constituting a 
degenerate curve of class 2, a curve confocal with the given 
curve must touch the 2m common tangents to ww =0 and 
f=0. Hence, the tangential equation of a curve confocal 
with f=0 must contain— 

dm(m+3)—2m=1m(m—1) 
arbitrary coefficients. 

Since there are 4$m(m—1) coefficients in ¢, the equation 
(1) represents a curve touching the common tangents of 
f=0 and wo'=0. 

Cor.: In the Cartesian system 


fé n)=0 and Fé, )=0 
are confocal, if f(é, y)—F(é, n)=(€? +7 )O(E, n) 


176.) DETERMINATION or Sincunar FOCI: 

The singular foci of a curve are the intersections of 
the circular lines which are asymptotes of the curve, If 
then these asymptotes are found by the usual method, the 
singular foci can be easily determined. 


Let (c—2')+7(y~y') =0 
be an asymptote to the curve; then 
(e—a')—t(y—y') =0 


is also an asymptote. These two evidently intersect in the 
point («', y ) which is a singular focus of the curve. 


Ez. 1. Find the singular focus of 
22(a* + y?) masa? =y?) 
Two circular asymptotes are x+ity=a, and —iy=a 
which evidently intersect at the point (a, 0), which is a singular focus, 


To find the ordinary focus, we consider the intersection of the 
line y= ia +c with the curve. 


28 
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By potting y=1@+c in the equation of the curve, we find — 
40°(ic—a) + 2ca(c + ia) +.ac? =0 
one root of which is evidently infinite, as it should be. 


The other two roots will be equal, 


if 4c*(c + ia)? =16 ac*(ic—a) 
or, if (c+ia)(e—3ia)=0 
i.e., if c= —1a or c=3Sia 


c=~ia gives another infinite root, which gives the singular focus. 


If c=3ia, the line y=?@+3ia is a tangent, or, (3 +3a)+iy=0 is a 
tangent. Hence (#+3a)—iy=0 is also a tangent. They intersect in the 
focus ( —3a, 0). 


Es, 2, Find the foci of #(#?+y*°)=ay? 

The line y=i@ +c intersects the curve in points given by— 
gzfæ? + (ig+c)2} =al(ia+c)? 

or S? (a + 2ic) + @(c? ~2iac) —ac*=0 ase (I) 
one point of intersection is evidently at infinity. The other two points 
are given by equation (1) 

These wil] be equal, if (c? —2iac)® + 4ac*(2ic +a) =0 
te, if c+4ai=0 whence c=—4ai, 


Hence, the ordinary focus is (4a, 0). The singular focus will be obtained 
by making the coefficient of 2? vanish, t.e., by making 2ic+a=(). 


Hence, the singular focus is ( —4a, 0). 
Eo, 3. Show that the following two curves have no foci, singular 
or ordinary : 


(i) A curve of class m touching the line at infinity at the circular 
points and m—3 other points. 


(ii) A carve of class m touching the line at infinity at the circular 
points and »—4 other points, and having cusps at the circnlar points. 


Eo, 4. Find the foci of the curve defined by 2=at’, y=at?*!, 


The lines y= ți +c meet the curve, where 
at?ti= tilat”) +c (4) 
At a consecutive point, we have— 


athti+(pt+q)at?ti-'At= tijat? +aptr-t3t} +e (2) 
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From (1) and (2) we obtain (p+q)at?**-}=+41apt?-! 


1 
(t= +>, or, (28)? 
“ptg “ptg 


Hence, the point of contact is giveu by— 


2 p+4 
a + ae =u ( +2 J> 
pty p+q 


Substituting these in the equation uf the lines, we obtain— 


pty P 
( po J= ta( E T 
p+q pt+q 
pty 
, p q—-: , 1—2 
Putting k=+—, weget uk = + iak +c 
pta 
+q 
q—2 ! 2 
whence c=ak tiak 17 
pra ae sie 
q-2\ q—2 
Hence, the lines are ( youk J= te atak 
— 
The foci ae eee ) 
© loci are { yak » an 
Es. 5. 


Find the foci of the followiug curves : 


(i) (a? + y?)?—8(@2?—y?) +15=0 


[Singular fooi (+2, 0), ordinary foci (+ “15/2, 0)] 
(it) (a +y)(a? +y?) + 20(@—y) =0 


[Singular focus (0,1), ordinary foci 


(—3F20/ v2el, -1F24/ /2-1)) 
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177. A new Tueory or Foci: * 

If in the equation F (1, 7,—x—7zy)=0 of § 173 we put 
z=uz+iy, F may be considered as a monogenic function 
of a complex variable :, and consequently, the theory of 
foci of algebraic curves reduces to the algebra of binary 
forms. 


If then F breaks up into n factors of the form— 


(z—a,—7B,)(z—a, —2B,)... (z—a, —7t8,)=0 (1) 
it also breaks up into » other factors of the form— 
(a—a, +78, )(s—a, +78, )...(2—a, +18,) =O (2) 


If now we take one factor of each along with one factor 
of the other, and put each equal to zero, then, since these 
can be taken in n? different groups, there are in all n? foci, 
of which n are real with co-ordinates 


(a,, B,), (as, Ba), (as, Bs )se lan, Br) 


and n(n—1) are imaginary, as has already been shown. These 
latter foci are so arranged that they lie on the perpendiculars 
drawn at right angles to the lines joining the real foci 
through their middle points. 


Writing the equation F (£, n, £)=0 in the form— 


n(n—1) 


C*—nP,C*-3 + 7i 


P,¢"2—.. + (—1)"P,=0 (1) 





where P,, P,,...P, are functions of €, 7, and putting ¢=0, 
we find that 


P.=p. "+p, "ntp se nt... tpn" =0 (2) 


* This method of treatment was given by Siebeck—“ Ueber eine 
neue analytische Behandlungwise der Brennpunkte ’”— Crelle, Bd. 64, 
pp. 175-182. He has shown that from known properties of complex 
functions many interesting results on the properties of foci can 
easily be deduced wiih the help of this new method of treatment. 
Bee also Zimmermann—Crelle, Bd. 126 (1903), p. 171. 
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gives the tangents of the angles which the tangents drawn 
from the point ¢=0 make with the axis of +. 


If a,, a,,...a, be the angles, we have— 


tan 2a=(p,—pyst+ps—--)+(p.—Pstp—-.-) (3) 


Again, the foci are obtained by putting (1,7, —z) for 
é 7, É, so that the equation giving the foci becomes— 


n(n—l) 


2! 





z*—nP z4 Piz*-?+...4+(—1)"P,=0 


where P. =(p,—p,+p,—...)+i(pi—Pps HPs) 


If B,, 2, ... Ba be the angles which the radii to the foci 
make with the axis of x, we have— 


IIr.cos 38B=(—1)"(p,.—pet+Ps4—-) 
lIr.sindB=(—1)"*(p,—ps+ps—-:) 
^ tan 3B=(p,—pst+ps—--) + (Po —Pa +P —...) 
= tan Ja 


Za=Iß+nr. 


Thus we obtain the theorem :— 


The tangents drawn from any point to a curve make 
with a fixed line angles whose sum differs from the sum of 
the angles made by the lines joining the same point to the 
foci by a multiple of r. 


Ee. 1. If P,=p,(cos7, +iains,), p, is the product of the 
distances of the n real foci from the origin, and 7, is the sum of the 
angles which the radii to the foci make with the @-axis. 


Ev. 2 Tangents are drawn from any point to two confocal curves. 
The tangents to one curve make with any fixed line angles whose 
sum differs from that of the angles made with the same line by 
tangents to the other curve by a multiple of vr. 
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178. In finding the co-ordinates of the foci of a curve 
in § 173, we obtained two equations of the forms P=0, Q=0, 
which, when geometrically interpreted, will lead to very 
interesting results. 


Writing the condition that the line 
(e—«') +p(y—y') =0 
should touch the curve in the form— 
ap* + bp""1+cp"-*+...=0 


where a, b, c,... etc., are functions of 2’, y’, it is evident that 
—bfa, c/a, etc., are the sum, the sum of products in pairs, 
etc., of the tangents of the angles, which the tangents to the 
curve through (.’, y') make with the axis of w. 

If now we put p= and equate the real and the 
imaginary parts to zero, we obtain the two equations : 


Pz=a—c+e—...etc,=—0, Q=b—d+f—...etc.=0. 


Now, if a,,a,,a,...be the angles which the tangents 
make with the axis of z, we have— 


tan * So OTe t Sa: 
a—c+e— 


Hence, from the first equation P=0, we obtain the theorem : 


The sum of the angles made with the axis of x by the 
tangents through (.«'. y') is an odd multiple of 47, 

Also the second equation expresses the fact thatthe 
sum is either zero or a multiple of =. 

Thus, if the sum of the angles be given, t.e., if 3a=0, 
we obtain the following theorem : 

The locus of a point, such that the sum of the angles 
made with a fixed line by the tangents through it drawn 
to a curve of the nth class is given, is an n-tc. 


* Hobson—Plane Trigonometry, § 49, p. 47. 
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If the fixed lime is taken for the axis of r, the equation 
of the locus is found to be-— 


(a—c+e—...)tan 0=(b—d+f—...) 


where a, b, c,... etc., are functions of order n in (æ, y). 


It follows then that the locus passes through the foci 
of the curve. 


Ee. 1. Find the distances of the real foci from the origin. 


Let f(é n)=0 be the tangential equation of the curve, and (r, 0) 
the polar co-ordinates of afocns. Then (2—7 cos @) +i(y—rsin@)=0 
aro tangents whose co-ordinates are — 


on) See 
~ Eio D E 


Substituting these values for ¢, 7 in the given equation, we obtain— 
K ad eo: sant oF yoy 


and f(-r 7 Pa se bg )=0 


Eliminating 0 between these equations, we obtain an equation giving 
the values of r. 


Ex. 2. Prove that every focus of a curve is also a focus of its 
evolute. {Tangents through one of the circular points coincide with 
the normal. ] 


179. Focr oF INVERSE CURVES: 


If a curve be inverted from any point, the inverse 
points of the foci of the original curve are the foci of the 
inverse curve. 

A focus of a curve has been defined as an indefinitely 


small circle which has double contact with the curve. 


Now, if C is a circle which has double contact with 
& curve at two points P and Q, and if the origin of inversion 
be not on the circle, the inverse of the circle C will be 
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another circle having double contact with the inverse curve 
at the inverse points P’ and Q’. If further C be a point- 
circle, its inverse will also be a point-circle. Hence, the 
focus of a curve is inverted into an indefinitely small circle 
having double contact with the inverse curve, or in other 
words, the inverse of a focus is a focus of the inverse curve. 

The inverses of the lines joining J to the intersections 
of the curve with CI are tangents at I to the inverse curve. 
Hence, when C is a focus of the curve, two tangents at I to 
the inverse curve coincide, and we obtain the theorem :— 


The inverse of a curve with respect toa focus has cusps at 


the circular points. 


For instance, the inverse of a conic with respect to one 
of its real foci is a limagon, which is a quartic curve having 
cusps at the circular points and a node at the origin (focus). 


Ez. 1. The inverse of any curve with respect toa singular focus O 
has also a singular focus at O. 

Ex, 2. A limacon is self-inverse with respect to the circle through 
the node with its centre at the ordinary focus. 

[The ordinary focus of the limacgor r=a +b cos 0, with node at the 


pole, is {(b? —a?)/2b, O} 


The equation of the curve with the ordinary foous as pole is— 


4b?r? —4br(a? cos 0 +b?) +(a? —b9)? =0] 


180. RECIPROCAL WITH RESPECT TO A FOCUS: 


The reciprocal of a curve with respect to a focus 
isa curve through the circular points, and the directrix 
reciprocates into a singular focus. 


If we reciprocate with respect to the focus O, t.e., a circle 
with O as centre, the lines OI and OJ reciprocate into the 
points I and J; and consequently the points 1, J are on the 
reciprocal curve, 2,e., the reciprocal passes through the 
circular points. 
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The directrix is the chord of contact of the tangents 
OI and OJ, whose points of contact reciprocate into the 
tangents at I and J. Hence, the reciprocal of the directrix 
is the point of intersection of these tangents, which is a 
singular focus. 


It will be noticed that the reciprocals, with respect to any 
point O, of the foci are the lines joining the intersections 
of the reciprocal curve with OJ and OJ. 


Ex. The reciprocal of a conic with respect to a focus is a circle, 
the directrix reciprocating into the centre of the circle. 


181. Focr of Cirecuiar Curves : 


The locus of the singular foous of a circular curve of order 
n, passing through juin+3)—3 other points, is a circle.” 


Since in(n+3)—I1 points in all are given, an infinity of 
curves can be drawn through them, any particular member 
being determined by another single condition. If then we 
are given a point consecutive to I, č.e., if the tangent at I 
is given, the curve is determined, and consequently its 
tangent at J. Thus, if F is a singular focus, č.e.. the 
intersection of the tangents at ITand J, when IF is given 
JF is determined. Hence, the singular focus F is the 
intersection of the corresponding rays of two homogra- 
phic pencils, whose vertices are I and J. Consequently 
the locus of F is acpnic through I and J, and is therefore 
a circle. 


Cor: The locus of the centres of a coaxal system of 
circles is a straight line. For, the circle which is the 
locus of the singular foci breaks up into two right lines 
when tol J corresponds JI for the other pencil, and IJ 
cannot be a tangent to the circle. 


* Salmon— Higher Plane Curves, § 145. 
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He. |. Prove that the locus of the focus of a curve of class m, 
having given the line at infinity for an (m—1)-ple tangent and 2m—! 
other tangents, is a circle. 


[To be given that IJ is an (m—1)-ple tangent is equivalent to 
‘m(m—1) tangents, and thus = }u(m—1)+(2m—1)=1m(m4+3)—-1 
tangents are given]. 


Ex, 2. Being given three tangents to a parabola, the locus of the 


focus is a circle. 


Ez. 3. The locus of the focus will be a circle for a curve of the 
third class, having the line at infinity for a bitangent and five other 


tangents. 


Ex. 4. If four foci of a carve are concyclic, there are three other 
sets of four concyclic foci. 


[The pencil of four tangents from I has the same cross-ratio as the 
pencil of four tangents from J, and the ratio remains uuchanged by 
two interchanges in the order}. 


Fo, 5. Prove that the coaxal family of circles through two foci 
of a curve have two other foci as limiting points. 


{Given two real foci A, A’ of a curve, the lines AI, AJ; A'I, A'J 
meet in two imaginary points B, B’ which are also foci of the carve; 
the relation between the two pairs of points is that the lines AA’, BB’ 
bisect each other at right angles. Any circle through AA’ cuts 
any circle through BB’ at right angles. The points BB’ are called 
antipotnts }. 


CHAPTER IX 
TRACING oF CURVES. 
Section I: Approximate Forms of Curves : 


182. ANALYTICAL TRIANGLE : * 


In order to determine approximate shapes of curves, 
defined by given equations containing a finite number of 
terms, near particular points at a finite or at an infinite 
distance, a geometrical method, which consists in represent- 
ing the equation on the Analytical Triangle, is often 
very useful. This triangle is a modification of Newton's 
parallelogram, which was an arrangement of squares, like 
those on a chess-board, each square being allotted to one 
term of the general equation of any degree. The fact that 
all the terms of a complete equation of any degree are 
contained in squares which occupy half of Newton's 
Parallelogram, led De Gua to replace the parallelogram 
by a triangle containing one more square on each side 
than the degree of the equation. 


183. An equation is said to be placed upon the triangle 
by making a definite mark (*) in the centre of each square, 
which corresponds to a term of the equation. The use of the 
triangle as an analyser lies in the fact that, if the different 
marks representing the terms be joined, so as to forma 
polygon, no mark lying outside it, then the locus of the 
equation, formed by retainiug only the terms which corres- 
pond to any side, is one or more simple parabolic curves or 


* For a complete discussion the student is referred to Frost’s Curve 
Tracing, Chap. IX, pp. 130-145. 
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right lines, each of which is a first approximation to the 
form of the curve— 

either (1) at an infinite distance, if all the rejected marks 
lie on the same side of the line as the right angle of the 
triangle, 

or, (2) near the origin, if they lie on the opposite side, in 
which case the equation contains no constant term. 

The case when the sides of the polygon are parallel to, or 
coincident with, the sides of the triangle is to be excepted. 
Thus the equation— 


wet bey toxy? +dety beay+ fe? + gy they? =0 





is placed on the triangle, as shown in the figure. A, B, C, D, 
E, F, G, H represent the different terms of the equation, so 
that we have the polygon ABHCGF, no mark lying 
outside it. 


The equation corresponding to the side CG is— 
cry? +gy=0 or cx#y+g=0, 


which represents a hyperbola to which the curve approxi- 
mates at infinity, since all the rejected marks lie on the 
same side as the right angle; with this relation between 
v and y (being very great) every other term will vanish 
compared with the terms retained. 
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The equation corresponding to the side GF is gy+fue3 =0, 
and this represents a cubical parabola to which the curve 
approximates at the origin, since the rejected marks lie on 
the opposite side. With this relation between w and y, 
every other term vanishes, compared with any one of the 
terms retained, when æ and y are very smail. 


Lastly, the side FA is parallel to Ow, and therefore it is 
excepted, 


184, Practica, METHOD: 


The following method of considering the triangle is 
much more convenient in fixing more accurately the position 
of the marks which correspond to fractional indices. 


Take a right-angled isosceles triangle, whose sides are 
in the directions of Oz and Oy. Divide the hypotenuse 
into as many equal parts as the degree of the equation, and 
through these points of section draw lines parallel to the 
sides of the triangle. The triangle is then divided into a 
number of smaller triangles, the vertices of which may 
be appropriated to the terms of the equation. If a frac- 
tional index occurs in the equation, its appropriate position 
is obtained by the intersection of the two lines parallel to 
Oy, Ow drawn through the corresponding points on the sides 
Ow and Oy respectively. 


185. PROPERTIES OF THE ANALYTICAL TRIANGLE: * 


When all the terms of the equation of a curve are re- 
presented upon the triangle, the following properties hold: ~ 


(1) If all the terms be rejected, except the terms which 
lie in a given line, the resulting equation gives one or more 
constant values of the ratio y“: æ”, the values of p and q 
- depending only on the direction of the line, and consequently 
the same for all parallel lines. 


* Bee Frost’s Curve Tracing—§§. 150, 151, pp. 132-134. 
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(2) When the line meets both sides of the triangle ot’ 
those sides produced beyond the hypotenuse, with the 
relation y‘/z? =constant, the terms of the original equation, 
corresponding to the marks which lie on the same side of 
the line as the right angle, will be less, and those corres- 
ponding to the marks on the opposite side will be greater, 
than any of the terms corresponding to the marks on the 
line, when « and y are indefinitely great. When æ and y 
are indefinitely small, the reverse is the case, and there is 
no mark at the right angle. 


(3) When the line is parallel to one side of the triangle, 
the equation obtained gives one or more right lines parallel 
to the other. 


(4) If all the other terms be rejected, except those 
which lie on a side of the triangle, the resulting equation 
determines the points of intersection of the curve with the 
corresponding axis. 


All these properties of the analytical triangle lead 
at once to the properties of the analytical polygon we have 
mentioned before. Thus it is seen that if any line gives 
the first approximation to an asymptote, the terms to be 
taken into account for the second approximation are obtained 
by moving the line parallel to itself, until it passes through 
another mark which corresponds to the additional term 
that has to be taken into account. 

Thus, in the figure of § 183, the side GF gives a first 
approximation, while the second approximation is obtained 
by moving the line GF parallel to itself until it passes 
through another mark E, and the form is given by— 


exy +f? +gy=0, and so on. 


Ez. 1. Consider the curve (y*—2*)? + 2aay? — bar? =0. 
The homogeneous form of the equation is— 
(y2—#*)* + Qaeyts—Saes2=0, 


Place the equation on the Analytical Triangle, as shown in the 
figure. The polygon Æ ABCDE. 
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The side AED gives at an infinite distance (y? — 2+)” =0, ùc.. the 
points at infinity on the curve are in the direction of the lines y+z2=0 
and these points are double points on the curve. 





The next approximation to the curve at infinity will be obtained 
by moving the line AED parallel to itself, until it passes through one 
other term, t.e., it is given by 


ie., y= +241 /5a2. 


The side AB gives the shape at the origin (IIl), ie., y2+2aa=0 
which is a parabola. 


The side BC gives the shape at the origin of another branch of the 
curve, which is given by «z(2y?—5z*)=0, 


t.e., the origin is a triple point, the tangents at which are 
a=0, V2y}+ /5z=0, 


The side CD gives for the points of intersection with the axis of 


a the equation a*—5az*=0 or 2°(#—-5a)=0, 
which gives three coincident points at III and une point at 2=5a. 


The next approximation, at the point z =a, is obtained by moving 
the line CD parallel to itself until it passes through another point K. 
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Tho equation thus obtained is 23(a~5a) + 2aay> —2a*y*=0, 
9 
which gives ye ae (»—5a) atthe point 2=d5a. 


Ea, 2. Find the approximate shape at infinity of the curve— 
w>4? + ays —y? — a? =0. 


Ev. 3. Employ the analytical triangle to find the form of the 
branches of the curve 2+ + y¥* ~—(2+ y)z2* =O, near the origin. 


186. Usk oF THE ANALYTICAL TRIANGLE IN THREE 
VARIABLES : 


In the case of three variables we proceed as follows :— 


The sides of the triangle, supposed equilateral, are 
divided each into as many (n) equal parts as the degree 
of the equation, and through the points of section lines are 
drawn parallel to the sides. In this way we obtain 
4(n+1)(n+2) vertices of small triangles in which the 
fundamental triangle is divided, each of the vertices being 
associated with one term of the equation. 


When an equation of the nth degree is to be placed on 
the triangle, the highest powers of the variables vr, y, z 
are associated with the vertices of the original triangle. 
The other terms are arranged successively in order. This, in 
fact, is the same as given in the preceding article, since the 
Cartesian 1s a special system of homogeneous co-ordinates, 
when the third side is at infinity ; and the system is 
rectangular when the angle at the third vertex III is a 
right angle, z.e. when we take a right-angled isosceles 
triangle, as has been done. 


The aggregate of terms on a side gives the intersections 
of the curve with the corresponding side of the fundamental 
triangle. 


If one vertex be free, the curve passes throngh that 
vertex, which may be considered as one of the intersections 
on the z axis or the y axis. 
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If the next following terms on both the sides be present, 
the aggregate of these terms gives the tangent at this vertex. 
If only one be present, one of the axes is a tangent. 


If both the next following terms are absent, the vertex 
isa double point on the curve, and the next three terms 
lying on a line give the tangents at the double point. 


The method will be best illustrated by the following 
example :— 


Ee, Consider the equation 2%y +4 y*z~#23 —2ayz=0. 
Place the equation on the Analytical Triangle, as shown in the figure. 
Since all the vertices are free, the curve passes through the vertices 
of the fundamental triangle. The tangents at these points are 
respectively y=0 (at I), 
3=0 (at II), @=0 (at III): 


a 


In order to determine 
approximate shapes of 
curves at any of the 
vertices, we must first N 
put that co-ordinate 
equal to unity, whose 
highest power stands at 
the vertex. Now the first 
approximation to the 
curve at the vertex II is 





the tangent given by Ww ” 

y?z and y*a, but since ytz 

ig absent the tangent is given by y?z=0, i.e., z=0, putting y=1. 
To determine the approximate shape of the curve, we must turu 

the line about the point y?z till it passes through another term #7y, 

and the next approximation to the curve is y*z+s*y=0, or #?+2=0, 

obtained after putting y=1. 


Thus the shape of the curve at II is that of the parabola æ? + z=0, 
If we determine the three points in which this parabola intersects 
the curve by putting the equation iu the form y(yz + @*) —#2(2y + «)=0, 


we see that two of these lie on the line 2y+z=0, while the third 
coincides with the vertex IT. 


In the same way, for the vertex IIl, we have for the next 
approximation the equation y?z—@z? =0 or y?—a=0, 
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This is a parabola to which the curve approximates near the vertex 
III and the two finite points of intersection lie on ® = 2z. 


For the approximation at the vertex I, we obtain the parabola y r*. 


The two finite points of intersection of this parabola with the carve 
lie on the line y= 2a. 


187. Newton’s METHOD or APPROXIMATION: 


In order to determine the approximate forms of a curve 
near the origin, we may conveniently make use of the 
process given by Newton. * 


When the curve passes through the origin, we have to 
transform the curve so that one of the axes may bea 
tangert, t.e., if the origin is an ordinary point on the curve, 
we may assume the equation in the form 


y=Aztt+ Br’ +... 
or, if it be a multiple point, the form to be assumed is 
y= Au’ Br tag" Tit pon 


where 7, 7,, Ta. are positive. 


In order to determine the nature of the origin and the 
form of the curve in its neighbourhood, it is convenient to 
determine the first terms of this expansion. The form of 
the curve near the origin resembles the curve y=Az’. 


In the equation of the curve, put y=Ax’, and determine 
the positive quantity r by the condition that the indices of 
two or more terms shall be equal and less than the index 
of any other term. We may often do this by trial, by 
equating the indices of each pair of terms, and observing 
whether the resulting value of r is positive, and these equal 
indices are not greater than the indices of some other 
term. 


* Newton—Methodus Fluxionum et Serierum infinitarnm, etc., under 
the title De reductione affectarum equationum (opuso. ed., Castillon, 
Vol. 1, p. 37) Newton gives the rule by means of a diagram of squares, 
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Thus, having found r, we may obtain the value of A by 
equating to zero the quantity multiplying the terms with 
equal indices. r and A being thus determined, the first 
approximation is given by y=Ax". The next approximation 
is obtained from y=Az’+Bz’*”:, by finding the values of 
r, and B by a similar process. 


Ese. Consider the curve a*—any? +y*=0, 


Evidently the origin is a triple point with the axes as tangents. 
Writing y= Az" in the equation, it becomes z*—aA?a*’t! +A‘o*’ =0, 


First, let 4=2r+1, which gives 47=6. Hence the equal indices 
are less than the index of the other term. The equation then becomes 


gzt(l—aA?)+ Atz’ =0. 
Now determine A so that the co-efficient of s2* vanishes 


ùe. pot A=1/vVa. The equation then becomes y= Ea wt + higher 
Ja 

terms, whose indices are greater than 3/2. We conclude therefore that 

the form of one branch of the curve near the origin resembles that 

of the curve ay? =z? (semi-cubical parabola). 


Next, make 4=4r, ie, r=1, and the remaining index is 3, which is 
less than the equal indices. We must, 
therefore, reject this case. 


Finally, let us assume 2r+1=4r, 
or r=}, the equation becomes 


at —(aA?—A*)2?=0 


The equal indices are less than the 
remaining index, and putting A*a= A‘, 


we have A*=a, or, A=»Va 
Thus the equation becomes y= Vaz, i.e., y2=aa, which isa parabola. 


Hence another branch of the ourve resembles a parabola at the 
origin. 


Since it is symmetrical abont the axis of w, the form of the curve 
is shown as in the figure. (The vertical line representing the #-axis.) 
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188. APPLICATION oF NeEwron’s METHOD IN THREE 
VARIABLES: 


The above method is equally applicable to the study of 
approximate forms of curves in the neighbourhood of 
the vertices of the fundamental triangle, when the curve 
is defined by its homogeneous equation. In this case we 
have to put one of the variables equal to unity. 


In fact, what we have said above is really equivalent to 
finding the points of intersection of y=Aa’ with the given 
curve and then determining those which lie very near the 
origin. For this purpose, we have to consider those terms for 
which the index 1s small as compared with those of the re- 
maining terms. Thus, from the term x’y! we obtain A‘.c?*“". 


We have now to put p+gr=A, where À is less than any 
of the indices, since for small values of x, higher powers 
must be neglected. The terms which have this equal index 
à give the geometrical representation. 


Since p+gqr is constant for all these terms, they lie on a 
right line, and A is proportional to the length of the perpen- 
dicular drawn from the origin on to this line. Since A is 
less than any other index, the line is nearest the origin, and 
the terms which lie along this line give an approximate 
form of the curve in the neighbourhood of the origin. Thus 
appears the truth of the statement in §. 185. 


189. INFINITE BRANCHES: 


The method adopted by Newton can conveniently be 
applied for determining the infinite branches of the curve as 
well, In this case y is expanded in descending powers of x, 


te, in the form y=Aa' +Br’~"4+Ca’ ~~" +... 

and the equal indices should be made greater than any of the 
remaining indices. In fact, in this case p-+yr=A, where À is 
greater than any of the other indices, z.e., we have to consider 
the terms which he on a line furthest from the origin. 
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Ez. Consider the curve 2° +2a5y—y?=0. 
Place the equation on the Analytical Triangle as shown in the figure. 


The sides of the triangle ABC determine the approximate forma 
of the curve. The curve passes through the origin (III) and the 





vertex (II), and not tbrough (1). The ori in is a triple point. The 
shape at the origin is given by AB and BC. AB gives a point of 
inflexion and the side BC gives a Semi-cabica] parabola. 

The side AC gives #ë—y?=0, or, »*=y, which is the form of 
the curve at infinity in the direction of the axis of y. The same result 
is obtained by applying Newton’s method of approximation, namely, 
putting y=Az’ and proceeding as before. The next approximation 


is obtained by putting y=Aa’+Ba" , and so on. 


190. BrancHes wira HIGHER SINGULARITIES : 

Consider the system of curves «&* -+-yt—4c?y+Ay? =0. 

None of these curves have real points at infinity. 

For z=0, we obtain y?(y?-+A)=0. 
At the points y= + /“—A, they are symmetrical with respect 
to the horizontal tangent. Therefore, an essential distinction 
must be made between the curves for A>O and A<O 


between which A=O0 lies. The adjoning diagram gives an 
example of each. 
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For y=0, we have z*=0. This point, however, cannot 
be a point of undulation, 
because for z=0, we have 
also y? =0. As an approxi- 
mation we obtain the 
aggregate of three terms 


ày’ — 4r" y + xt =0, 


which breaks up into two 
parabolas 





Ay =x’ (2+ /4—)) 


These are no more intersected by the curves. Since the two 
parabolas touch each other, the two branches of the curve 
must also touch each other at the origin. Hence we have a tac- 
node. From the two parabolas we can also see the distine- 
tion between the curves for positive and negative values of X. 


Since forA<0, we have “4—A >2, the parabolas have 
external contact, one lying upward and the other downward. 
(For instance A= —1). 


If 4>A>0, the parabolas have internal contact, one 
lying inside the other (for instance A= +1). 


If A=4, the origin is the only real point of the curve, 
which now breaks up into two imaginary conics with four- 
pointic contact at the origin : 


(x? +2y? —2y)(x* —ty? —2y) =0 


If A>4, the curve is wholly imaginary, when à= +œ, 
it reduces to the axis of g counted twice, whence for very 
great negative values of A, the forms with external contact 
follow again. 


We have further to consider the case A=0. Here in 
the analytical polygon, the term y? is suppressed and 
we have the dotted periphery. We obtain as above a 
parabola «7—4y=0 as an approximation for the branch, 
which touches the w-axis, and the parabola y°>—42?=0 
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for the other branch, which therefore is perpendicular to 
the first and has a cusp. In fact, each of the curves has a 
triple point at the origin with the tangents x?y=0. 
If, however, we consider the horizontal tangent, then 
the curve is bounded by the two parabolas and the horizontal 
tangent, and we are in a position to obtain their shapes for 
each value of À. 


If, again, Of/or 242° —8ry=4z (2* —2y) =0, 
we have besides x=0, as already found, points which lie 
on the parabola x’ =2y. 


Putting this in the equation, y= /“4—2 will be positive 
for real contact, otherwise z= /2y becomes imaginary. 

The line y= /4—A is a bi-tangent of the curve; and 
y=—vV4—X is a bi-tangent with imaginary points of 
contact, 


191. DETERMINATION OF THE ASYMPTOTES : 


The aggregate of terms on a side of the Analytical 
Triangle gives an equation which is obtained by putting the 
corresponding variable to zero. This equation determines the 
points of intersection of the corresponding side with the curve 
and gives the equations of the lines joining the opposite 
vertex with these points. When the third side is supposed 
to lie at infinity, these give the directions of the 
lines joining the origin to the points at infinity on the 
curve. It is then necessary to determine the tangents at 
these points, which are called the asymptotes of the curve. 


If, for such a point at infinity, we put y/z=m, this gives 
also the direction of the asymptote, 7.e., an asymptote is of the 
form y=mx-+c, where c is to be determined Ly the condition 
that it passes through another consecutive point at infinity. 


For this purpose, we put y=m2-+c in the equation of 
the curve; the resulting equation must have two roots 
infinite ; (or in the homogeneous from y=mz+cz, one value 
of z=0 and two values of =œ). 
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Es. 1. Consider the cubic y3—2%y + 2y?z 4 4yz? +0z?=0 (1) 


Putting z=0 in this equation, we obtain y2~#*y=0, which gives 
the directions of the lines joining the origin with the points at 
infinity on the curve. These are the lines y=0, y+#=0. 


If we put y=O in the equation (1), we see that all the terms vanish, 
except @z?, which contains z* as a factor Hence y=O itself is an 
asymptote. 


Next put y=#+czin (1). We have then — 
(@+cz)? —23(a +02) + 22(@+cz)? +4(s +cz)z? + az? =0, 
or, (2c + 2)@2z + (8c? + 4e +5)wz? + (c? + 2c? + 4c)z°=0 (2) 
This equation must have one root infinite, 7.e,., we must have 
2c+2=0 or c= ~=], 
and the asymptote is y=a—l. 
Similarly, by putting y= —#+c, we obtain c= —1. 


.. The other asymptote is y+ a+1=0. 


Eo, 2. Find the asymptotes of the following curves: 
(i) a +y? =a? (ii) y= + w+y 
(iii) (@ +y)? (2 + 2y+ 2) =e +9y—2. 


E». 3. Find the asymptotes of the curve— 


ag? ta? 


=% e 
y 3? — a" 





192, SpEcIAL METHODS: 


In some cases the asymptotes of a curve can be deter- 
mined by a simple inspection of its equation. For instance, 
if the equation of the curve be written in the form 


Lidetoviiwtets'o=0, 


where ¢,, ¢,,........-are all linear functions of the variables, 
and @ is of degree (n—2), then ¢,, ¢,, f5,...¢, are then 
asymptotes of the curve and the points where they meet the 
curve again lie on the curve ¢. 


Thus we have the theorem: The n(n—2) points where 
the asymptotes of an n-tc meet the curve le ona curve of 


order (n—2). 
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The equation of a curve can always be put into the 
form— 
(y— 10, B)(Y— mt) e (YM gL) Fun 
Huyig2? on... $UQz" =O 
or (ym 2$oy2)(Y— Mg eH Cy2) nened(Y—Matbege)=at Gh 


The terms of the nth degree in «and y are the same 
for both sides of the equatior:, and the n quantities ¢,, c,... 
c, are determined by comparing the coefficients of the terms 
of order (n—1), which must be the same in both. 


The following illustrations will explain the process : 


Ez, 1. Consider the curve : 

(a + 2y)(Bz + 2y)(@—y) +z (28° —10y? —Tay) +29(@+y)+2°=0. 
or, (w+ 2y +c,z)(32 + 2y+c,2)(@—y+c,z) +2°(AZ+ By +Cz)=0 
whence 3c,+¢,+38c,=2, —c,+8c,=—7, —2c,—2c,+4c,=—10. 

c=], c,=2, c= 1. 
Thus the asymptotes are— 
2+2y+2=0, 32+ 2y + 2z2=0, D—Y = z. 
Notice that the values of €., C., Cs, satisfy the equation— 


= aio. 


(w+ 2y)(82 + 2y)(2— y) a+2y 3a + 2y vy 








2g? — zy — 10y? < ii Ci 463 


and therefore, in general, the values of c,, ¢.,¢,....¢, are determined 
by putting = into partial fractions.* 
1b 


Ea, 2. The n asymptotes of an n-ic pass through a point O. Show 
that O is the mean centre of the points where any line through O 
meets the curve. 


Ez. 3. Show that the four asymptotes of the curve 
ay(@?—y?) + (w? +y?) =a? 


cut the curve again in eight concyclic points. 


* For a detailed account of the different methods for determining 
the asymptotes of a curve, the reader is referred to Edward’s Diff. Calc. 
Chapter VIII, and Salmon’s H. P. Curves, Chap. II, § 62, 


3l 
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Ez. 4. Find the equation of a enbic through (a,b) having the 
lines ®=0, y=O, y=e, as asymptotes which cat it in points lying on 
the line 2 + y=a. 


Ee. 5. Prove that the mn intersections of two curves of the mth 
nnd nth orders and the mn intersections of their asymptotes lie on a 
curve of order (m +n—2). (Meth. Tripos. 1876). 

193. ASYMPTOTIC CURVES : 


Suppose there are two curves which approach each other 
continually, so that for the fame value of the abscissa, (or 
ordinate) the limit of the difference of the ordinates (or 
abscissae) is zero, when the common abscissa (or the 
ordinate) is infinite. These two curves are said to be 
asymptotic to each other. 


The twocurves ax’ +ba?— a y¥+4+ex2+d=0 
and ar? + bv +-e—y=O 
are asymptotic. 
For, these equations can be written as— 
y=a r? +he tet a and y=ar? bete. 
The difference of the ordinates at any point «is dje, 


whose limit is zero, when r=. 


Ez. 1. Show that the curve z°y=2"+2%+2+41 has a hyperbolic 
asymptote. 
l1 1 


The equation can be written ae y=a2+1 Ea + Pct 
Hence, the equation of a curve asymptotic to this is the hyperbola 
yarsles, or, #?—-ay+e+1=0, 


whose rectilinear asymptotes are y= z+land 2=0., 


Ez, 2. Show that the curve y*—zy~1=0 has a parabolic 
asymptote. 


e . l 
The equation can be writtenas @=?".—---- =y?— . 
Yy 
.. The parabola ®=y° ig asymptotic to the curve. 


Ee. 3. Show that the curve asy =y? =a" has a parabolic asymptote, 
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194. Paraporic BRANCHES : * 


Suppose the equation of a curve is thrown into the form 
(y—mc)oteyt ... =0 


i.e., the terms of the highest degree in x and y has a double 
factor. It is evident from the equation that the line at 
infinity touches the curve at a point in the direction of the 
line y= ie. 


The equation may be written as— 


(y—me)* HE... =0. 


ic 
lf we put a for Lt. Pi and b for Lt, when x and y 


become infinite in the ratio 1: m, the curve ultimately 
approximates to the parabolic form— 


(y—mx)* tarz tbz? +...=0 see. (Ì1). 


This parabola is a first approximation to the shape of the 
curve, but ıs not in general asymptotic to it, and serves 
only to suggest the method of closely examining the 
parabolic branches. In practice, it is found more convenient 
to adopt a method of successive approximation to obtain 
the ultimate form of the parabolic branch at an infinite dis- 
tance. The method will be best illustrated by the following 
examples :— 


Ez. 1. Examine the form at infinity of the curve 2° + Qw3y—y? =0. 
There are nO asymptotes parallel to the axes. The only infinite 


branch is, where y : w is large, of the form æ»? =y, where o*y varies ag 
2°, and may be neglected compared with the term #° retained in the 
first approximation. 


* For a detailed discussion of curvilinear asymptotes, the reader is 
referred to Froat’s Curve Traciag, Chapters VII and VIIL. 
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The parabola æ? =y is not a proper asymptote, but serves to suggest 
the direction of the infinite branches. The proper asymptotes may 
be obtained by approximation : Thus, from the equation we have— 


By putting 3, =1, the second approximation is y= af 1+ = ) 
; ; 2 2\ 4 
he th =o? f $ 2). 4 } 
The third approximation is y=#?3 l+ z( 1+ 54 ) Oni 
=o? +20, 


<. The proper parabolic asymptote is y+}=(0 +4)’. 





Ea. 2, Show that the curve y+#+ am 


ga 
is asymptotic to the Folium of Descartes æ? + y3 =3aay, 


Ex. 3. Examine the parabolic branch of the curve— 


z’ +aby—avy =Q. 


195. CIRCULAR ASYMPTOTES : 


When the equation of a curve is given in polar co- 
ordinates, it may happen that 0 being increased indefinitely, 
the value of r tends to a fixed limiting value, and the curve 
approaches more and more nearly to the circular form at the 
same time. The equation takes the form of one in + 
representing one or more circles. Such a circle is called an 
asymptotic circle of the curve. 


Ev. 1, Consider the curve r=aé?/(6? —1) 
The equation may be written as r=a/(1~—1/0?) 


Now, when 9 becomes very large, 1/0? is very small, and the curve 
approaches indefinitely near the limiting circle r=a. 


Rx, 2. Find the asymptotic circles of the curves : 





: (:] = a Ase aĝ 

2) T= Q4 — n) r= +b = 

(*) a4 Gg a 
aĝ +b 





Ex. 3. Find the circular asymptote to the curve r= , : 
+a 
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Section II: Tracing of Curves : 
196. Curve Tracing IN CARTESIAN CO-ORDINATES: 


‘a’, to w, the resulting equation 


If we give any value 
in y can be solved and will determine the points in which 
the line «=a intersects the curve. By giving a set of values 
to x, we determine a corresponding set of values of y, and 
thereby obtain a number of points on the curve. sufficient 


to give a fairly good idea of the shape of the curve. 


In particular, we may easily determine the points where 
the curve cuts the axes of co-ordinates, by putting x=0, 
and y=0 respectively in the equation. Again, if y becomes 
imaginary for any value of z, we guess the existence 
of an oval, or that the curve is limited in any direction. 


The value of Oy/Ou at any point gives the direction of the 
tangent at that point, and where its value becomes zero or 
infinite, the tangent, and consequently the direction of the 
curve, is parallel or perpendicular to the axis of æ. In some 
cases the equation of the curve suggests simplifications and 
taking advantage of these, we can more easily obtain a fairly 
accurate shape of the curve. 


For illustrations the student is referred to Frost’s Curve 
Tracing and to Cramer’s Introduction to the Analysis of 
Curves. 


197. Curve TRACING IN HOMOGENEOUS CO-ORDINATES: 


In tracing curves whose equations are given in homo- 
geneous co-ordinates, we have to determine the points in 
which it intersects the sides of the fundamental triangle. 
One advantage in this system is at once evident. Instead of 
two lines we have three sides and three vertices, any one 
of which can lie on the curve. Hence the form of the 
equation gives more information about the curve than in 
the Cartesian system. On the other hand, there is one 
disadvantage that homogeneous co-ordinates cannot be used 
in the measurement of actual lengths. Consequently, this 
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system can be used in studying the general nature of a 
curve, but it gives us no information about its metrical 
properties. The process of tracing curves in homogeneous 
co-ordinates may be illustrated by a few examples: 


Ee. 1. Trace the curve et + oy? — y?r? =O, 


Here #=0 gives y*z*=0. Therefore the curve passes through the 
vertices Band C. The vertex B is a double point, since the co-efficients 
of y* and y? are absent. The tangents at this point are— 

a*—27=0, e, o+2=0. 

Similarly, there is a double point at O, the tangent at this point 
being y=0. 

Since y=0 gives »*=0, all the four points on AC are coincident at 
C; also z=0 makes 27(z?+y*)=0, and consequently two points on AB 
are coincident at B and two other are imaginary on the lines æ + iy=0. 


To determine the shape of the curve, we place the equation on 
the analytical triangle. 


Consider the vertex C (III). The equation after putting z=] 





(§ I88) becomes at+a?y*—y*=0, andthe shape at C 


ig given by 
timyi=Q ie, by 2° +y=0. 
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Hence at C there are two parabolic branches z*+y=O0 forming 
a tacnode,* and the tangent at C has a four-pointic contact. 

Similarly, to determine the shape at B, we put y=1 and the 
equation becomes 2* +22—2z7=0. The tangents at B are 2+z=O0 and 
the shape is given by z? =g?(1] +e?) or s=3+ 405+... 

Z—2 is an inflexional tangent. Similarly, z+% is also an 
inflexional tangent. 

Hence the point B is a biflecnode ¢ on the curve. Again, since the 
equation may be written as z2*=y°(2+2z)(z—2), it follows that 7+2 
and z—z must always have the same sigo. Thus the curve cannot lie 
in the shaded parts of the plane, as shown in the adjoining diagram. 


Ea. 2. Draw the curve. wo *—erz—yt*z=O0. 


The curve evidently passes through the vertices B and C. The 
tangent at B is z=0, i.e, the side AB. The point C is a conjugate 
point on the curve, the tangents being æ +iy=0. 


T- TT ae x 2 
oo FA ee E E 
E AA a 
Ae — en 
a -N < eae 
fF | — 
A= wh — 
DA - 


C 


N 
\\ 


\\\\ \ 


` 
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The curve meets D =0, where y*z=0 Velo, y? =0 and -=(), 


When y=0, we have 2?(2—z)=0. 


* 4 tacnode is tormed by tho union of two nodes, 


t See § 58, 
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.. The side AC meets the curve at C and at the point 7=0, z=2. 
When z=0, 2? =0, or the side AB is an inflexional tuugent at B. 


The firat approximation to the shape at B is given by #*—y?s=0 
ie 23 —2=0, which is a cubical parabola. The point B is an inflexion. 
Again, the equation can be written as 23=2(e* + y*) 
z and # must always be of the same sign. 


Also 2°(a—-z)=y°z. ..2—-z and z must be of the same sign. 
Hence the curve cannot lie in the shaded parts of the plane, and its 
form is shown in the figure. The line z—z=0 is a tangent at the 
point y=0, z—2=0. The asymptote of the cubic is imaginary. 


Ez. 3. Trace the following curves : 
(i) y(w—az)* =a(y—4az)* (ii) 25 —qiatz3 + y3 =0 
(iit) aza(y—a)? ~y* =0, 


Ex. 4. Trace the curve 2y? = 4a? (2a — Ø), 
[This curve was discussed by Prof. Maria Gaetana of Bologna, 1748 
and is called the Witch. | 


Ev. 5. Indicate how a curve can be traced by points in polar 
co-ordinates, and trace the curve *=a + b cos 6 (Limacon of Pascal.) 


CHAPTER X 


RATIONAL TRANSFORMATIONS 


198. In Chapter I, we have discussed particular methods 
of transformations, such as Reciprocation, Inversion, Projec- 
tion, etc. and thereby from known properties of one curve 
deduced those of another derived from it by any of these 
processes. In the present chapter, however, we shall study 
the general principles of these methods, which consist chiefly 
in instituting a relation between any two points P and P’ 
in the same plane, or in different planes lying in a common 
space. The case of different planes properly belongs to 
space-geometry, and consequently, without any reference to 
space, we shall regard the planes as superimposed one upon 
the other, so as forming a single plane. Thus we shall have 
to consider two figures consisting of points, lines, etc., in the 
same plane, instead of two figures in different planes. 


199. RATIONAL AND BIRATIONAL TRANSFORMATIONS : 


If (r, y, z) and (x', y’, 2’) be the homogeneous co-ordinates 
of two points P and P’ in two planes (or same plane) a and 8 
respectively, then the transformation, expressed by the 
equations 


aiy: z'=f (z, Y, z) : fale, Y, 2) : f(a, Y, 2) (1) 


where f,, fa, fa are known functions of z, y, z, each of order 
n (say) without a common factor, indicates that to any 
system of values of æ, y, z, there corresponds a single system 
of values of «’,y’,z’ ; but to a given system of values of i’, y’, 2' 
there will not, in general, correspond a single system but a 


finite number (D>1) of values of «x, y, z. 


Thus, when f,, fa, fs are rational, there is an algebraic 
relation between (x, y, z) and (.’, y’, 2) expressed by the 
equations (1), which is called a Rational Transformation. 


2 
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If, however, D=1, v.e., if to a given system of values of 
a’, y', z' there corresponds a single system of values of z, y, 2, 
expressed by— 


æ: y: z=F, (x,y,z) : Fy(2', y', 2’): FEl, y', 2) .. (2) 


F., F,, F, must also be rational and of order n, and when 
such mutual expression is possible, the relation is called a 
Birational Transformation, or Cremona Transformation, since 
it was first studied by Cremona. * 


200. Linear TRANSFORMATIONS : 


Derinition: Any transformation by which two figures 
are so related that any point and line of one correspond to one, 
and only one point and line respectively of the other, and 
conversely, is called a linear homographic transformation. 


Since the correspondence must be (1, 1), the required 
expressions cannot contain any radicals. 


Thus, Oey ee apt ye Spe 
where f,» fas fa are algebraic functions and polynomials in 


z, Y, z, having no common factor. 


Since, to any straight line lz'+my'+nz'=0 corresponds 
Uf, mf, +nf, =0, 


which must be a right line for all values of l, m,n, 
the functions f,, f,, f, must be linear in xr, y, z. 


Thus 2: y :z'=ag+by+ cz : a'a+b'yt+e's : a"r +b"y +c", 
whence v, y, z can be expressed linearly in terms of x’, y’, z’. 


Hence, assuming proper triangles of reference and the 
ratios of the implicit constants, we may write, without loss 


of generality, 
ho. a, 


a sy i Je iy tz. 
* Cremona—Bologna Mem (2) Vol. 2, (1863) p. 621 and Vol. 5 
(1864), p. 3, or, Giorn. di mat. Vol. 1 (1863), p. 305, Vol. 3 (1865), 
pp. 263 and 363. 
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The above transformation contains eight independent 
constants, and consequently, any four points (or lines) of one 


figure can be made to correspond to four points (or lines) 
in the other. Therefore this transformation leaves the 
cross-ratio of any four elements unaltered, so also the order 
or class of a curve remains unchanged. 


The method of projection explained in §. 12 is a 
particular case of linear homographic transformation, which 
involves only five constants, the vertex and axis of projection 
reducing the constants by three. 


201. CoLLINEATION : 


The linear transformation admits of a double interpreta- 
tion. It may be regarded as a transformation of co-ordinates, 
or as arelation between the points of two different (or 
superimposed) planes. Let us imagine that the planes are 
infinitely near one another (or superimposed) and suppose 
that the points are referred to the same triangle of reference. 

If then P(a,y,z) and P’(2’, y’,2') represent points 
in the two planes respectively, the linear equations— 


a! =ax-+ by +cz q 
y'=a'a + byt ez | l) 
z =da'x 4 b'y+c”z 


establish between the points of the two planes an (1, 1) 
correspondence, which is called “linear affinity” or 
collineation,* such that to each point P of one plane corres- 
ponds a point P’ (point-image of P) in the other. This 
relation, however, is not reciprocal, č.e., to the point P’ 
does not, in general, correspond the same point P, but 
the corresponding point in the first plane is obtained by 


* This was first discussed by Möbius—Barycentric calculus (1827) 
p. 266—and afterwards by Magnus— Aufgaben and Lehrs&tze ans der 
analytischen Geometrie, Berlin (1833). 
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solving the equations (1), provided the determinant A of 
the co-efficients does not vanish. 


Thus, Az=Av' + By’ + Oz 
Ay=A'e'+B'y'+ O'2' 
Az =A"x' + B’y' 4+ C2’ 


where A, A’, A”, etc. denote the minors of a, a’, a”, ete. 
These formule are evidently the same as for the transfor- 
mation of co-ordinates, where the variables are the 
co-ordinates of the same point referred to two triangles of 
reference, while in the present case, they are the co-ordinates 
of two different points referred to the same triangle. 


Thus it will be seen that if P describes a curve in one 
plane, P’ describes the corresponding curve of the same 
order in the other plane, and in particular, a straight line 
corresponds to a straight line, a range of points or pencil 
of lines corresponds to a projective range of points or pencil 
of lines respectively. 


2902. CoOLLINEATION TREATED GEOMETRICALLY : 


The geometric determination of collineation is contained 
in the following theorem : 


If to four points of one plane, no three of which are 
collinear, there correspond in the other four points, no three 
of which are collinear, the linear relation, č.e., collineation 
between the points of the two planes is completely 
determined. 


For, if we are given four pairs of corresponding points, 
the equations (1) of the preceding article are uniquely 
determined. 


The following geometrical construction is useful and 
interesting : 


To the line joining any two points of one plane 
2%, corresponds, in each case, the line joining the two 
corresponding points of the second plane 2,, and to the 
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point of intersection of two lines in 3, corresponds the point 
of intersection of the corresponding lines of 3,. Now, the 
four points of 3, determine six lines, which again determine 
three new points, namely, the diagonal points of the 
complete quadrilateral. To these then correspond the three 
points of the plane %, obtained by a similar construction. 
If now the lines joining the three points of 3, are produced 
to meet the six sides of the complete quadrilateral, we 
obtain new points of %, whose correspondents in 3, are 
constructed exactly in a similar manner, Thus, the entire 
plane will be covered over by a net-work of lines, and by 
the continuous crossing of the meshes of these nets, we shall 
obtain a point indefinitely near to a point of 3,. If the 
corresponding nets are constructed in 3%,, the respective 
collineation of the individual points of the two planes is 
established by the nets, and consequently the collineation is 
completely determined,* 


203. Tue Dvavistic TRANSFORMATION :¢ 


We have thus far considered only linear transformations 
in which a point corresponds to a point and a line to a line ; 
but there are transformations where a point corresponds to a 
curve, for example, in Reciprocation a point corresponds to a 
line and vice versa. Such a transformation is called “Skew 
Rectprocation” or “Linear Dualistic Transformation.” 
Reciprocation as described before is a special case of this 
more general linear dualistic transformation and differs from 
it only by a linear transformation. 


Let (x, y,z) be a system of point co-ordinates and (é, y, ¢) 
a system of line co-ordinates in the same or in different planes. 
Then, a point in the first system corresponds to a line in the 
second, if the co-ordinates of the point are proportional to 


* Mobius—Bar. Cal. p. 273. For analytical treatment, the student 
is referred to Scott—Modern Analytical Geometry § 223-226. 


+ For a detailed account of the theory, see Salmon’s H. P. curves 
$$. 332—342, or Scott—ibid—§ 253-256. 
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the co-ordinates of the line, te, w:y:2=fE::f and 
consequently, to any line le+my+nz=0 corresponds the 
point lé+my+ng=0, 

In the general dualistic transformation, however, the 
co-ordinates of a line are functions of the co-ordinates of the 
corresponding point, and the transformation is linear when 
those functions are linear. 


Thus, E=a,2+b,y+c,2 || 
y=a,e+b,y+c,2 } (1) 
=a z tb ytes J 
where to a point (x, y, z) there corresponds the line (é, 7, ¢) 
in the same or different planes. If, however, we put— 
wy’: z'=a,x tby tcez : aytb ytc : agy tHbsy tee 


te, ifa point (4', y',z') is obtained corresponding to the 
point (7,y,2) by a linear transformation, there is a 
correspondence between the point (s', y’, z’) and the line 
(é,7, č), and we have, as stated above, the following 
relations : 
gyi =ni 

This shows that the systems (x', y',z') and (é, n, ¢) are 

reciprocal with respect to the auxiliary conic «? +y* +23 =0. 


Thus, the linear dualistic transformation differs from 
the interchange of point and line co-ordinates only by a 
collineation. 


204. If we solve the equations (1) of the preceding 
article for «, y, z, we obtain the following relations : 


At=A,E+A,yynt+A,l | 
Ay=B,é+B,y+B,0 } (2) 
Az=C,£+C,7+C0,¢ J 


where A,, B,, ete., are the minors of a,,b,, etc., in the 
determinant A of the co-efficients in (1). 
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The system (2) is said to be “dual” of the system (1) 


Now consider the point (2’, y’, 2’) in the first system. 
Its corresponding line in the second system is then :— 


2'(a,0+b,y+c,z) + y'(dge-+b,y+0,2) 


+2'(a,2+b,y+c,z2)=0 
or 2(a,2'+a,y'+a,2')+y(b,2'+b,y' +b) 
+-2(c,2'+c,y'+0c,2')=0 (3) 


The equation (3) expresses the relation between any 
point (2’, y’, 2’) of the first system and any point (r, y, z) 02 
a corresponding line of the dual system. If now (2, y, z) is 
considered fixed and («x y’z') variable, we have for the 
line of the first system, corresponding to any point of the 
second, 

x(a,a'+b,y'+0,2') +y(a,2'+b,y' +e?) 
+2(a,2'+b,y'’+c,2')=0 (4) 

The lines (3) aud (4) do not, in general, coincide ; hence, 

in the general dualistic transformation, every point has a 


different corresponding line, according as the point is 
regarded as belonging tc the first or to tbe second system. 


The conditions that the lines (3) and (4) should coincide 
give three values of (z’, y’, 2’). Hence there are three points 
in the plane associated with their corresponding lines in a 
definite way, regardless of the system to which they belong. 

One of these points, however, is given by— 

z’:y':2'=c,—b, :a,—c, : b, -a, 
and the other two are real or imaginary. 


The two lines (3) and (4) will coincide for all points of 
the plane, if for all values of 2’, y’, z’, we have 


a z' +b y tcez 3 aga’ Hby Hea : aga’ Hby Hez 
=a, +a,y' +a,2': b e Hby tbar 3c, 0’ Hey Hoa 


which requires c, =b, c,=a, and a,=),. 
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Hence, the transformation formule reduce to the 
forms— 


E=axrthy+gz 
nahet by+fz 
C=get+fy + cz 


This shows that the point and the line are associated with 
each other as pole and polar with regard to the general conic 


an? + by® + ez? + 2fyz +2gz% + 2hey=0 
Thus it is seen that in case of reciprocals with regard to 
a conic, the same line corresponds to a point, whether that 
point be considered as belonging to the first or the second 
system. 


205. Pore anb Porar Conrcs : 


The case of a point lying on its corresponding line is 
interesting and deserves consideration. 


Since a point (a, y,2) les on its corresponding line 
Ec+yy+l:=0, the locus of such points is obviously — 


(a,a+b, yte z) t+ (aet bgy+c,z)y 
+a tby +eaz)z=0 
T.e., az? +b, y? Hez? + (6, +6, yz 
+ (a, +c, )zæ + (a, +b, )ey=0 (1) 


and this is tha same conic, whether the point be considered 
as belonging to the first or to the second system, and is 
called the “Pole Conic.” 


On the other hand, the envelope of lines which pass 
through their corresponding points is a conic called the 
Polar Conic. 


The co-ordinates of the point are expressed in terms of 
the co-ordinates of their corresponding lines by the 
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equations (2) of § 204. Therefore the required envelope is 
(A E+ A n+ A,OE+ (B E+B, n+ BQ 
+(C,€4+0,7+C0,0)6=0 
ie, Ag? +B, +C, +(B, +0, nb 
+(A,+C, )&+(A, +B, )&n=0 (2) 


where A,, B,, C,, etc., have the significance as in § 204. 


Conversely, the same pole and polar conics will be 
obtained, if the points of the second system correspond to 
the lines of the first system. 


The pole and polar conics have double contact, the 
intersection of the common tangents being the point 
(b,—c,), (¢,—a,), (a@,—6,). The chord of contact is found 
to be the line (B, —C,), (C, —A,), (A,—B,). 

It will be seen that the pole and polar conics are 
identical, if 6b,=a,, b,=c, and c¢,=a,. * 


206. QTADRIC INVERSION : 


The process of circular inversion has already been 
described in § 15; but in this section will be described a 
more general processin which a point corresponds toa 
point, while a line, in general, corresponds to a conic. This 
transformation can easily be effected by a geometrical 
construction and was given by Dr. Hirst.t In this 
process a fixed point is taken as origin and a fixed 
fundamental conic as “base.” Points collinear with 
the origin and conjugate with respect to the base are said to 
be inverse. If the base is a circle and the origin its centre, 
the points are ordinary inverse points with regard to the 
circle. It is, in fact, the circular inversion generalised and 
ig called Quadric Inversion. 


* Scott—loc. cit., § 256. 
+ Hirst—‘' On the Quadric Inversion of Plane Curves? Proc. of the 
R. Soc. of London, Vol. 14 (1865), pp. 91-106. 
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Let C be the fixed origin and S the base-conic. Through 
C draw a transversal 
cutting the base in the 
points Q, R. Then, if P, 
P’ are points on the trans- 
versal, such that (PP’,QR) 
is harmonic, then P and P' 
are inverse points. 


Thus, to determine the 
inverse of a point P, we 
have to find the point P’, 





where CP intersects the polar line of P with regard to 
S. It follows hence that to any position of P corresponds a 
single definite position of P’, and vice versa. 

If P traces out a locus 3, P’ will trace out a locus &’, and 
2’ is said to be derived from 3 by quadric inversion. 


207, ANALYTICAL TREATMENT : 


Let CA and CB be the tangents to the base, and choose 
ABC as the triangle of reference. Then the equation of the 
base-conic may be written as— 


ry =z? aa I) 
Let (x, y, z) and (.’, y', 2’) be the co-ordinates of P and 
P’ respectively. Now, the polar line of P’ is— 


xy! + ya’ —222'=0 (2) 
and the line CP’ is 
1y — 8y =0 (3) 
whence ery: cmv py’: ayz 
ee ee ee i 
=t2 VOY re ee Ls (4) 


* These formula are deduced on the supposition that the base isa 
proper conic and the points A, B,C are distinct. Modifications are 
necessary when the base isa degenerate conic, and two or more of 
A, B, C aro coincident, 
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If f (r, y, 2) =0 is the locus of P, the locus of P’ is given 
by the equation— 
11 1 
ag = = JO 
(4 ager? ar ) 


Applying the linear transformation a’: y': g’=y': a's: 2 
i.e, interchanging the vertices A and B of the triangle, we 


t 


may express the result (4) in amore symmetrical form, 
and the locus of P’ is now given by— 


1 i iit 
—. -. 2 zo 
f( a y” z! ) 


The formulæ of transformation can, however, be written 
under the form of bilinear relations— 


ga =l, yy’=1, 22/=1. 


208. QUADRIC INVERSION AS RATIONAL TRANSFORMATION : 


Let the formulæ of transformation in § 199 be put into 

the form— 

w'y az =f fa: fs 
where fi, fa, fs are rational functions of the second degree 
in @, y, z, 

To the lines z'=0, y'=0, z'=0 will then correspond the 
three conics f, =0, f, =0, f =0 ; and in general, to a curve 
of order n corresponds one of order 27, obtained by putting 
fis fas fa respectively for æ, y, z in the equation of the n-vc. 


The simplest case presents itself in the form— 
ary a Sayta 
To the line le+my+nz=0 corresponds the conic 


LJ/2+m Vy +n /22=0 inscribed in the triangle xyz, Similarly, 
to a conic there corresponds a curve of the fourth order, and 
80 on. 


It is to be noticed, however, that this transformation is 
not birational in general. For, although æ, y’,2’ are 
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expressed rationally in terms of (x, y, z), the latter are given 
in terms of 2’, y’, z by the equations— 


bah G 


which are not rational oe represent conics having four 
common points;and consequently, corresponding to any 
position of (x, y’,2') there are four positions of (a, y, 2) 
But if f,,f3,f;, have one common point, since it 
is independent of the position of (x, y’, 2’), it may be 
ignored, and to any position of (2, y’, 2’) there will 
correspond only three points (æ, y, z). Similarly, if fi, fas fa 
have two points common, to any position of (æ',y',z') will 
correspond only two positions of (x, y, z). Finally, if f,, fas f 
have three common points, the conics have, besides the three 
common points, only one other common point, and to any 
position of (x', y’, z') there corresponds only a single position 
of (x, y,2), and vice versa, and the transformation is birational. 


Since it is perfectly legitimate to take three conics 
of the form lf, +mf,-+nf, instead of fı, fas fs, the three 
line=pairs joining each of the three common points to the 
other two may be taken for fi, fafs, and the formule 


become: 
4 


viy smy ze 3 ay’ 
and a’s y's z =yz 2 ZE : ay. 
Hence, the quadric inversion is only a particular case of the 
general birational transformation. 
Other special cases may arise from the coincidence of 
two or more of the common points. 


Thus, when two points coincide, we may take the conu- 
mon tangent as the side y=0 and the point (z, xœ) as the 
third common point. The equations of f,, fas fa will be of 
the form ag? + 2fyz + 2hay=0. 


Taking x*, yz, ry as the three conics, the formule become 
wi yt r Sayit yz 


and wi yiz=xr y i alt yz 
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Similarly, when the three points coincide, the equations 
of fi» fas fa will be of the form— 

by? +2hry + 2f(yz — mz?) =0 
Hence, taking y?, vy, y:— mæ? for fi., fa; fa respectively, the 
formulae become : 


’ 


wo yt z =y yt: yz ma” 
and ery s zxy i y? i yz’ =m? 

209. It has been stated im § 206 that the inverse of a 
point P is a single definite point P’. But there are excep- 
tional positions of P for which the inverse point P’ is not 
in general determinate. The inverse P’ is indeterminate, if 

(¿) P is at ©, P’ is any point on AB, 
(ii) P is at B, P’ is any point on BC, 
(77) Pisat A, P’is any point on CA, 
(iv) P is auy point on AB, P’ is at ©, 
(v) P is any point on BC, P’ is at B, 
(vi) P is any point on CA, P’ is at A. 


Hence it appears that if P is at any vertex or on any side 
of ABC, the ordinary laws of correspondence do not apply. 


210. THe INverse oF A SrRAIGHT LINE: 


The inverse of the straight line le+my+nz=0 (1) 
is the locus defined by the equation (§ 207) 
Ly t+m/e+u/z=0 we (2) 


which evidently represents « conic circumscribing the 
triangle ABC. 
The following special cases are to be noted : 
(i) If the line (1) passes through C, n=0 and it is its 
own inverse, 
(tc) If the line passes through A, l=0 and the inverse 
is the line mz +næ=0, which passes through B. 
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(27z) If the line passes through B, its equation is 
Le+-nz=0, and the inverse is the line lz-+ny=0 through 
À. 


Thus, it is seen that the inverse of a right line is, in 
general, a conic through A, B,C; but in special cases it is 
a right line. 


211. PROPER INVERSE: 


Let O be the pole of a line meeting the base-conic in Q 
and R. Then the inverse of the line is the conic ABCOQR. 
But if the line passes through C, then tke pole O lies on 
AB, and the conic has three points on AB, č.e., the conic 
consists of AB and the given line CQR. The line AB 
presents here as a part of the inverse simply because the 
inverse of C is indeterminate, being any point on AB. 


When the line passes through A or B and meets the base- 
conic in another point K, the inverse is a degenerate conic 
composed of CA, BK or CB, AK; for the pole O is now on 
CA or CB. 

Hence the points C, A, O on the conic are accounted for 
by the line CA or CB and the remaining points B or A and 
K give the other line. 

Similarly, if a curve passes through A (or B), the line CA 
(or CB) presents itself as part of the inverse. These factors, 
however, occurring in the inverse are not regarded as forming 
the proper inverse and are rejected. The remaining factor 
gives the proper inverse. 


Ex, Consider the conic fyz +gzw +hzy=0 
The inverse of this, by the formule of § 208, is— 
fat yz + ga'y'*2! + ha’y’2’? =0 
Le., a’ y'2'(fa’ + gy! +hz')=0 


t.e., the sides AB, BC, CA and another line, Hence, rejecting the factor 


OY ee A A 


£ yz, the proper inverse is the line fat+gyths=0O, 
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212. Ter Inverse oe THE Live ar [NFINITY : 


The equat:on of the line at infinity being azr+by+cz=0, 
its inverse, by the formule of § 207, is the conic— 


azz + byz+cry=0 (1) 


which is evidently a conic circumscribing the fundamental 
triangle. 


The pole O now becomes the centre of the base-conic, 
the points Q, R (§ 211) are the points at infinity on the 
same. The polar of the point Q at infinity on AB passes 
through C and the line CQ is parallel to AB. There- 
fore the inverse of 2 is consecutive to C an the line CQ, or 
in other words, the tangent to the inverse (1) at C is 
parallel to AB. Thus OC is the diameter conjugate to AB 
and the tangent at C is parallel to AB. It may be noticed 
further that if the line drawn through A parallel to CB 
meets the base-conic in K, BK is the tangent at B. 





Similarly, the tangent at A may be constructed. The inverse 
to the line at infinity is represented in the figure by the 
dotted line. 


213. Inversion or SPECIAL POINTS on a CURVE 
Let 2 be the curve and 2’ its inverse. The following 
special points are to be noticed : 


If Z meets AB in P, 3’ touches CPat C. For, the inverse 
of P is on CP by definition, and asthe polar of P passes 
through C, the inverse is indefinitely near to C on CP, 
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Hence CP is the tangent at C. Similarly, if Z cuts AB at 
n points, other than A, B, the inverse has an n-ple point at 
C. For instance, if the curve cuts AB at two points P, and 
P,, there is a node at C with CP, and CP, as tangents. 
When P, and P, become consecutive points on X, i.e, AB 
is a tangent to = at P,, the two tangents CP,, CP, coincide. 
and there is a cusp on 3’ at C, with CP, as the cuspidal 
tangent. 


To the tangent tož at P corresponds the conic osculat- 
ing 3 at C and passing through A, and B. 


For, if Q is a point on 5 consecutive to P, the inverse 
Q' is consecutive to C on 3’ aud the limiting position of 
CP’Q’ (i.e. CP) is the tangent to 3’ at C. Now the inverse 
of PQ is a con:c through A, C, B, Q’, touching 3%’ at C (Q' 
being the point on 3’ inverse to Q). If then Q approaches 
P, PQ becomes the tangent to X at P, and the conic ABCQ' 
becomes the osculating conic of 3’ at C. 


If, however, CP be the tangent to 3 at P, the inverse has 
CP as an inflexional tangent. 


Again, if P and P’ are inverse points, as CP gradually 
turns about C and ultimately coincides with CA, P’ 
approaches and ultimately coincides with A. Hence AP’ 
becomes the tangent to the 
inverse of the locus of P. 
But AP’ and BP intersect 
at a point H onthe curve. 
Thus, if = meets CA at P, 
the inverse X touches 
at A the line AH, t.e., 
the line through A corres- 
ponding to BP. Similarly, 
if 3 meets CB. Hence, to 
every intersection of = with 
CA (or CB) there corresponds a branch of 3%’ through 
A (or B), and conversely, 
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Thus, if an n-ve & cuts CA (or CB) inn points, there is 
an n-ple point on 5 at A (or B). When X touches CA (or 
CB), the two tangents to ¥ at A (or B) coincide, and 
consequently, A (or B) is a cusp on 2’. 


914. Errects or INVERSION ON SINGULARITIES : 


From what has been said above, it follows that, in general, 
an ordinary point inverts into an ordinary point. But if 
three consecutive points at the given point and the three 
fundamental points A, B,C lie ona conic, their inverses 
are collinezr on the inverse curve, and there is, therefore, 
an inflexion on the inverse. Thus the inverse of an 
ordinary point may be either an ordinary point or an 
inflexion. Similarly, an inflexion is inverted into an ordinary 
point, unless the inflexional tangent passes through any of 


the fundamental points. 


Again, a double point, in gencral, inverts into a double 
point of the same nature ; and consecutive double points invert 
into consecutive double points, but the appearance may be 
slightly altered. Thus, a tacnode inverts into a tacnode, an 
oscnode inverts into an oscnode, but if the three nodes 
are initially collinear, the oscnode on inversion loses this 
property, unless the tangent passes through a funda- 
mental point. Similarly, a curved oscnode may be straight 


on inversion. 


In the case of a bitangent, the inverse becomes a conic 
having double contact with the inverse, unless the bitangent 
passes through a fundamental point, and then it inverts into 
a bitangent. Conversely, a bitangent may be gained on 
inversion. 


Thus it follows that as regards points and lines, 
not belonging to the fundamental triangle, the point 
singularities of a curve and its inverse are the same, but 
line singularities are changed. Hence inversion can 
conveniently be used for analysing singularities on curves. 
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215. EFFECTS OF Inversion on a Ccrve:* 


Let the curve 3 be an n-zc having a q-ple point at A, an 
r-ple point at B and an s-ple point at ©. Then, & meets AB, 
BC, CA respectively at n—q—r, n—r—s, and n—q—s other 
points. The inverse 3’ has therefore an (n—q—r)-ple, 
(n—r—sj=ple and (n—q-—s)-ple point respectively at 
C, A, B. 

Again, the q intersections of the tangents at A to = with 
BC are points on 3’. Similarly, 3’ meets CA and AB inr 
and s points respectively other than A, B, C. 


Since 3’ meets AB in {(n—r—s)+(n—q—s)+s} 
i.e., (2n—q—r—s) points, >’ is of order (2n—q—r—s). 


Thus, the inverse of an n-tc Z with a q-ple point at 
A, an r-ple point at B and ans-ple point at C is a curve 2, 
of order (2n-q—r—s), with an (n—r—s)-ple point 
at A, an (n~—q-—s)-ple point at B and an (n—q—7)-ple 
point at C. 


Putting n'=%n—q—r—s, g=n—1T—s, 
' ! . 
r=n—q—s, sS =n—q—', 
we may establish a reciprocal relation between % and Y’. 
Thus, n=2n'—q'—71'—s' qun'—r'—s' 
r=n'—q — s s=n'—q'—r 


We shall now show that, in general, the deficiencies of 
the two curves X and J’ are the same. 


Since a q-ple point is equivalent to 3q(q—1) nodes, 
the deficiency p of the first curve X is given by— 


p=} {(n—1)(n—2)—q(q—1)—rír—1)—s(s—1)} 


* Effects of inversion on higher singular points will be fully 
discussed in Chap. XIII, 
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and p'=3{(2'—1)(n’ —2)—q' (q —1)—r' (r —1)—s'(s—1)} 
=3 {2n =q r—s— l) (2n—q—r—s— 2) 
—=(n—=r=s)(n—r—s—l)—(n—=q—s)(n—q—s—1) 
na a 
=3{/u—1)(n—2)—9(q—-1) —r—1) —s(s—1)} 
=p. 


t.e., the deficiency of a curve is unaltered by quadric 
transformation. 


216. APPLICATION OF QUADRIC INVERSION : 


The process of quadric inversion affords a very convenient 
method of investigating the properties of one curve from 
known properties of another. The following examples will 
illustrate the method. 


Ez.1. Consider a conic cutting the sides of the fundamental 
triangle in three pairs of points. 


Let an? + by? +cz? + 2fys + 2gzz + 2hvy=0 (1) 
be the equation of the conic cutting the sides BC, OA and ABin the 
pairs of points A,, A, ; B,, B, and C,, C, respectively. 

The inverse of (1) is the quartic curve— 

a'g? + bly? + c/s? + 2flyz+ 29/22 + 2hjzy=0 

The points A, B, C are evidently nodes (§ 213) on the curve with 

the lines AA,, AA, ; BB,, BB, and CC,, CC, as nodal tangents. 


But these lines all touch one and the same conic, and they are 
inverted into themselves. Hence we have the theorem :— 


The nodal tangents of a trinodal quartic touch one and the same 


conic, 


Again, the pairs of tangents drawn from A, B, C to the conic are also 
inverted into themselves, and their inverses are tangents to the trinodal 
quartic, * Hence, the siz tangents drawn from the three nodes to a trinodal 


quartic touch one and the same conic. 


Finally, the four bitangents of a trinodal quartic are obtained by the 
saime process from the fact that through three given points, there can 
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be drawn four conics having double contact with a given one, while 
the inflexional tangents are obtained from the fact that through three 
given points can be drawn six conics, having three-pointic contact with 
a given conic. 


Es, 2 Show thatthe three cuspidal tangents of a tricuspidal 
quartic are concurrent. 


If in Ez. 1, the pairs of points A,, A,; B,, Ba; C, C, are 
coincident, then the lines joining the vertices to the points of contact 
of the inscribed conic with the opposite sides are concurrent. The 
inverse of the conic is evidently a tricuspidal quartic, having the cusps 
at the vertices, and the joining lines are inverted into themselves, 
which are again the cuspidal tangents, whence the truth of the theoram 
follows. 


Eo, 3. Through any point can be drawn two lines touching a 
trinodal quartic and passing through its nodes. 


This follows immediately from the fact that from any point only 
two tangents can be drawn to any couic. On inversion the conic 
becomes the trinodal quartic and the two tangents invert into two 
conics through the nodes touchiug the quartic, and these evidently pass 
through the inverse of the given point. 


217. CIRCULAR Inversion : * 


A particular case of quadric inversion is the trans- 
formation by reciprocal radii the principles of which 
have been explained in §15. If we take k=1, the relations 
between the rectangular co-ordinates of P and P’ are— 











x a = -I 
= s? +y? ’ L? +y’ 
d na g! a y' 
an oe ap yt! | yr? +y? 
whence a Fiy = A i a — iy = l 5 
č — y wey 
Writing X Y “ABSw-ty : epi: 1, 
and KX’: Y: A! = tiy : xiy: 1 


* Moutard—Sur la trunsformation pur rayons vecteurs rectproques— 
Nouv. Ann. t. 3(2) (1864), pp. 306.309. 
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we obtain the relations X : Y’: AZ'=YA: AX: KY, 


or in other words, the transformation is a quadric inversion. 


The geometrical significance of these transformations 
will be best understood from the figure of § 206, if we 
consider that the points A and B are circular points at infinity, 
so that the base-conic S now becomes a circle with centre C 
and P, P’ are inverse points with respect to the circle. In 
fact, we have taken the circular lines through the origin and 
the line at infinity as the sides of the triangle of reference. 
Hence, circular inversion is a particular case of quadric 
transformation, and  quardric transformation is a 


generalisation by projection of the process of inversion 


We may deduce a number of theorems from the results 
established in the preceding articles. Thus, the inverse of a 
circle is a circle, that of a straight line is a circle through 
C, and so on. 


The inverse of a conic, in general, is a trinodal quartic, 
the nodes being the origin (C) and the circular points at 
infinity. If the origin be the focus of the conic, the inverse 
is a limaçon ; if the origin be on the conic, the inverse is a 
nodal circular cubic, the origin being the node. 


An osculating circle to a curve will invert into an 
osculating circle of the inverse, but when the circle passes 
through the origin, the inverse is an inflexional tangent. 


218. Specrat QUADRIC TRANSFORMATIONS : 


In §206 we have discussed the general case of quadric 
transformation; but special cases arising from special 
positions of the points A, B, C or the nature of the 
Base must be considered for a systematic treatment of the 
subject. 


Jase 1: One special case presents itself when the points 
A and B enincide (§ 208.) 


270 THEORY OF PLANE CURVES 


In this case, any line through C, the line CA, and the 
polar of C are taken as the 
sides of the triangle of 
reference. The base-conic 
is now a pair of lines, 
whose equation, by a 
proper choice of co- 
ordinates, can be put as 





«?—z?=0. The polar of 
any point P’(2x’,y’,z’) is the 
line gx’ —z2'=0 and CP’ is «y’—a2'y=0, whence the inverse 
point P is given by— 


. A. Y 
zi y: aces y's gz =ar : y's! se? 


oy 2 ee yet SS ey ae fe, 
Hence, if f(z, y, z)=0 be the locus of P, that of P’ is 


f(a, y, æ?/z)=0. 


It is to be noticed that this transformation is equivalent 
to the three transformations in succession, in which the pole 
is the point C(O, 0, 1) and the bases are the three conics 


gz? —gy +z? =0, g?—y? +z? =0 and 2?+2y—2?=0. 


Case II: When the three points A, B, C coincide at C, 
any chord through C, the tangent at C and the tangent at 
the other extremity of the chord are taken as the sides of 
the triangle of reference. 

The base-conic is now of the form 2yz— mx? =0, where 
m is at our disposal. 

The polar of P'{x', y’, z’) is y'z+yz?—mæx' =0 and CP’ 
is the line xy'—2'y=0, whence P(z, y, z) is given by— 


æ iyi =y i y i ma? y'a 


and w : y i a' =y : y? : mæ? —yz (§ 208) 
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219. NOETHER’ S TRANSFORMATION : 


We have so long used the same triangle of reference for 
the curve and its transform ; but if we take CBA instead of 
ABC as the triangle of reference for the transformed curve, 
this amounts simply to the interchange of vand z in the 
transformed equation. Hence, the curve f(x, y, z)=0 is 
transformed into f(z, y, 22/4) =0 

Writing this equation in the form f(a#/z, wy/z?, 1)=0 
we see that in the Cartesian system, the curve f (wv, y)=0 is 
transformed into f(a, ay) =Q. 


Hence, the formule of transformation become — 
woyo larre y e liesa =r yso2'y and ysy/r, a’ Sz. 


This form of transformation was given by Noether * and 
was used by Newton and Cramer for the analysis of higher 
singularities. A series of successive transformations are at 
times required for complete analysis. 


Ex. 1. Examine the singularity at C on the curve y§z=9%, 


The inverse by the formule is 2’3y’3=9’5, and consequently 
the proper inverse is y/*=2'", 
which has at O’ (a’, y’) a cusp 
with »’=0 for tangent. 


Consequently, the singularity 
at C on the original curve is a 
triple point (§ 213) whose 
apparent form is that of an 
inflexion, but the penultimate 
form is shown as in the figure. 





Es. 2. Verify the following : 
(+) The inverse of a line through C or B is a line through C or B. 
(iz) The inverse of a line is a conic through C touching AB at A. 


Ex, 3. Examine the singularity at the origin on the curve y? =v, 


* Noether—-Uber die singalaren Wertsysteme einer algebraischen 
Function und die singularen Punkte einer algebraischen Curve—Math 
Ann. Bd 9 (1876), pp. 166-182. 
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220. CREMONA CONDITIONS : 


As explained in § 199, the general transformation 
vi: y : g=f,:f, : f} is not birational, t.e., from this 
system it is not, in general, possible to deduce another of 
the form æ : y : z=F’, : F’, : F’, where F’,, F’,, W, are 
rational functions (polynomials) in a”, y’, ¿'. 

Luigi Cremona * has invastigated the conditions under 


which such mutual expressions are possible. 


If in the one system we are given wv: y':2)=a:b:e, 


then the corresponding points in the other are given as the 
intersections of the curves— 


fs =I =! (1) 

Now, since f,, fa, f} are polynomials of the nth degree 

in (æ, y, z), the number of intersections will be »?. But 

if fi, fas fa intersect in p common points, the curves (l) 

will evidently pass through these common points, and the 

remaining n?—p points will then correspond to the given 
point (a, b,c). 


When p=n?—l, the curves will intersect only in one 
variable point, that is to say, all but one intersections of the 
curves (1) being known, the co-ordinates of the only remain- 
ing point will be determinate, and thus rational functions 
of (a, b, ¢,), t.e. of «’, y', 2’, and we shall have—. 


a) ee ee ae 
Hence we see that this will be a birational transforma- 


tion, if the three curves f,, fa, fa have »*—1 common points 
of intersection. 


* Cremona has thoroughly investigated these conditions and the 
theory is due to him—see his Memoir Sulle transformazione geometriche 
delle figure piane—Mem. di Bologna, Vol. II (1863), and Vol. V (1865). 


For applications of Cremona transformations, see a paper by A. B. 
Coble in the Bull, of the Am. Math. Soc., Vol. 28 (1922), pp. 329—364, 
to which is appended a number of important references on the subject, 
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This again is not a sufficient condition. For, if 
fis fe. fa be cubic curves having eight common points, 
they certainly have a ninth point common, and consequently 
there is no variable intersection. But here again, if we 
suppose that the cubics have one node common to all, they 
intersect in four other ordinary points, and since to be 
given a node is equivalent to three conditions, seven of their 
intersections are known, and therefore, only two more con- 
ditions are required to determine any curve af, +bf, +¢f, =0 
Now, the common points are equivalent to eight intersections, 
the node counting as four. Hence, one variable point is 
obtained corresponding to the given point. 


In fact, the system of curves af, + df, +cf, =0 corres- 
ponds to the system of lines au'+by'+c:’=0,* and should 
therefore be perfectly general and must not be determinate 
except when a : b : c are given, which is equivalent to two 
conditions. 


Therefore, the number of conditions to be satisfied by 
fis fa: fa must be at least two less than the number of con- 
ditions determining a curve of order n. 


221. From the above considerations it follows then that 
n being greater than two, f,, fsf cannot have n?—1] 
common points, for then they have another common point 
and no variable point of intersection. If, however, fi, fas fs 
have a, ordinary points, a, double points, a, triple points, 
etc, common, such that these are equivalent to n?—1 
intersections and the number of conditions thus implied be 
less by 2 than the number necessary to determine a curve 
of order n, we obtain on? remaining variable point of inter- 
section corresponding to the given point and the transforma- 
tion becomes rational. 


Since, to be given an 7-ple point on a curve is equivalent 
to 3r (r+1) conditions and two n-cs intersect in r? points 


* See Montesano —Napoli Rendi, Vol, 11(8) (1905), p. 259, 
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at an 7-ple point on each, we may state the above two 
conditions as follow: 


a, +2?a,4+3%a,4+...$7%a, =n? —1 (1) 
and a, +3a, +6a, +... +4r(r+1l)ja, =in(n+3)~—2 (2) 


Combining (1) and (2), we may state the second condition 
in a simpler form : 


a, +20, +30, -+......-7a,=3(n—1) (2') 


Positive integral values of a,,a,, ... satisfying the 
equations (1) and (2’) will then determine the transfor- 
mations, provided the number of higher singularities 
assumed to belong to the curves does not exceed the proper 
limit. Cremona has tabulated all the admissible solutions, 
for cases up to n=10, of the above equations, which are 
often referred to as ‘‘ Cremona conditions.” 


For a detailed discussion of the theory, the student 
is referred to Cremona’s Memoir and to Cayley’s paper 
above referred to and also to his paper—-“ Note on the theory 
of the rational transformation between two planes and of 
special system of points, Coll. Works, Vol. VII, pp. 253-55. 


222. THEOREM: Every Cremona transformation may be 
reduced to a number of successive quadric transformation ;* and 
conversely, each birational transformation of a plane into another 
is equivalent to a finite number of quadric transformations. 


Consider the transformation : 
giy ilS fa fa fas 
where f,, f,, fs are curves (polynomials) of order n, 
having a, ordinary points, a, double points, ete., in common. 


* Vide Prof. Cayley’s paper—‘'On the Rational Transformation 
between two spaces,” Coll. Works, Vol. VII, pp. 189-240. 


For other proofs see Noether, Ueber Flachen etc., Math. Ann. Bd. 
3(1871), pp. 161-227, Segre, Un’usservazione relativa, etc,, Torino Atti, 
Vol. 36 (1901), pp. 645-651 and Castelnuovo, “ Le transformazioni, 
eto.,” ibid, Vol. 36 (1901), pp. 861-874. 
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Then, there are three of these points * (one q-ple, one r-ple 
and one s-ple, say) the sum of whose orders exceeds n, so that. 


gtr+s>n. 


Now, take those three points as principal points of a 
quadric transformation. Then the degree of the transformed 
curve is, by § 215, 21—q—r—s, which is certainly less than 
n, t.e., the degree of the given curve is reduced, and by a 
second guadric transformation, the degree of this curve 
may be further reduced. Proceeding in this way, we shall 
ultimately obtain right lines corresponding to the n-ics. 
Thus the Cremona transformation is reduced to a number 
of successive quadric inversions. 


But, it was proved that the deficiency remains unaltered 
by quadric transformation, and consequently it remains 
unaltered by any Cremona transformation. 


223. DEFICIENCY UNALTERED BY CREMONA TRANSFORMATION : 


Let F=0 be a curve of order & and let us apply the 
transformation to this curve. If now fi, fas fs have a point 
A in common, the line corresponding to A will meet the 
transform in k points all corresponding to A, which then 
becomes a k-ple point. In general, any of the r-ple 
points becomes a kr-ple point. Hence, if the given curve has 
no multiple points, the transform will have none except at 
the principal points, że., at the common points of f,, f, and f,. 


Thus, the degree of the transform is nk and the corres- 
ponding maximum number of double points, as usual, is 
3(nk—1)(nk—2). Also the multiple points at the principal 
points are equivalent to— 


ta k(kh—1) +40,.2k(2kh-1) + ... +3a,kr(rk—1) 
or ik? (a, +270, +3%a,+4 ... +r7a,) 
—ihia, +20,+30,+ ... +7a,) 


* Vide Salmon, H. P. Curves, § 356. 
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which, by equations (1) and (2’) of § 221, is equal to 
1k9(n® —1)— ihk 3(n—1)=}kt (n? —L) — Bn 1), 
Hence, the deficiency of the transform becomes— 
Mnk—1)(nk—2)—{4h*(n? —1)—3h(n—1)} 
=}(k—1)(k—2), 


the same as that of the original curve. 


If, however, the original curve has other multiple 
points, the transform will have corresponding multiple 
points of the same order and the deficiency will remain 
unaltered (§ 222). Further modification is necessary when 
the original curve passes through any of the principal 
points. 


Again, when the curve F=0 passes through the principal 
points a,,a,,... the degree of the transform will be— 


N =nk—a, — 2a, — 3a, ... —7a,. 


224. RIEMANN TRANSFORMATION: 


We have hitherto considered the Cremona transformations 
which are birational with regard to points of the whole plane, 
under certain conditions. But there are other transforma- 
tions that are birational * only as regards the points of a 
curve of the plane, but no such conditions are unecessary in 
this case. 


Let F=0 be a given curve and apply the transformation 


ae": y": s =f Sa fs 


where fi» J2: fs are homogeneous functions of the nth degree 
in, y, z, not necessarily satisfying Cremona’s conditions, 
which have no common factor. The above equations are 
uot by themselves sufficient to express «x,y,z rationally 


* For the birational transformation of a curve into itself, see H. A. 
Schwarz, Crelle, Bd. 87 (1875), p. 189, also F. Klein, Über Riemann’s 
Theorie der algebraischen Functionen (1882), p. 64, 
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in terms of 2’, y', 2’; but when they are combined with the 
equation F=0 of the curve, it is possible to express x, y, z 
rationally in terms of 2’, y’, <’ by the following equations : 


“iy =',:6,:¢4' 


where i, $'a, $'a are homogeneous functions in 2’, y’, 2 
of the same degree n»n, without a common factor. 


In fact, when z, y, : are eliminated between the equations 
of transformation and F=0, we obtain an equation F’=0, 
which is the condition for the co-existence of the system of 
equations. When this condition is satisfied, zx, 7,2 can be 
determined rationally in terms of x’, y’, 2’.* 

DEFINITION: An algebraic transformation that is 
birational as regards the points of two curves but not as 


regards the points of the whole plane is called a Riemann 
Transformation. 


Ex. l. Consider the two curves— 
z(y2+07)=a> and zy =g? 


both of which have the deficiency zero. We can determine a trans- 
formation which will transform the two curves one into the other. 
Any point on the first can be expressed as— 


e@iyi2=(1+a*t) : aA(l+a%): 1 
and any point on the second is given by— 
Olaf aN EK? Sd, 
If now we associate the points of the two curves which have the 
same parameter, t.e. A=A’, then 


s ’ 
’ z 1 z 
PETE TEE 
co £ a +aA* +2 
whence xi yi s=a(a'es’) i yh +2’): oe’, 
and also g y i l =ale—z) : yez) : za. 


If, again, A and A’ are connected by a bilinear relation of the form 
AAA’ + BA+ Ca’ + D=0, we may, in a similar manner, express 2’ : y : z 


in terms of a, y, 2. 


* Salmon’s Higher Algebra, Lesson X. 
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Ex. 2. Consider the two curves— 


eiy:e2=t? it: LE 


; 


and w ty i z =t tl): (tH-1)2:t 


Associating the points which have the same parameter, we shall 


show that 2, y, z can be expressed rationally in terms of 2’, y’, 2’, and 
vice versa. 











in the first curve, Cen awd, ee l (1) 
y Z l +t: 
In the second curve, | =¢ ga and Š =?t?—] (2) 
2 
g? t t= a’ +2' 
=iw-,-, and -= —_=,5—., 
y yz z L+t? x +22 
ask 1. Yg, g t?z 
whence æ: y i ol: A ET. 
=g (x +z) : yz (x +z): x(a + 22’), (A) 
; D z: t g 1 æy 
ain pee =z $,- = ee a 
Again, y’ v tH) y atf/y*-1l s?—y’? 
a’ =: ] -= pe = — 2 = 2 
and ee, =@* yi =l = (2? —y*)y 
s:y i=l: amy’. y =gy(x" —y?) : (z*—y?)? : æy’. (B) 
i ty t — y? : 


Thus, by Riemann transformation the two given curves can be trans- 
formed oxe into the other. 


Ez. 3. Consider the curve g? +y? +z =O 
Apply the transformation ws yl? 2’ set iy? t 27. 
Now m: y: z=2wty?z? | durytz> 2 2adyszt 
= at (2? + 2y3z3—2°) : yt(y? + 22323 —y®) 
: Bt (25 + Qx3y3 — 28) 
= wt {wt + 2yz?—(y3 +23)*} yt fy? + 22923 — (28 +9:3)3} 
: ot {2° + 2a3y3— (z? + y3)2} 
mat {2øt— (2° +y" 4 28)} : y*{2y8— (a° +49 + 28) 
: at {2z5— (a + y8 +ze)} 
=o? {2a! hk}: yl 2fry!? —h} : 22 {22/3 =k} 


where kag +y/3 42/9, 
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Thus, 7, y, z have been expressed rationally in terms of 2’, y’, z’ with 
the help of the equation of the given curve, 


Now applying this transformation to the given curve, we have for 
the equation of the transformed, after rejecting a factor, 


ye 4/8 42/6 — Dy! 32/3 — 22/3 z/3 27’ 3y'3 =0 


which gives the reciprocal polar curve of 2° +y%+2°=0, and as is 
known, there is (1, 1) correspondence between the points and lines 
of two reciprocal figures. 


225. REDUCTION OF THE ORDER OF THE ‘TRANSFORMED 
CURVE : * 

From what has been said before, it follows that if we 
apply the transformation of § 221 to the n-2c F, the order 
of the transformed curve will be N2nk~—a,—2a, ... etc., 
where a,, a,, ete, denote the number of single, double, etc., 
points common to the k-zes fi, fes fa lying on F. We shall 
now consider how this transformation can be applied so as 
to reduce the order of the transformed curve as low as 
possible, č.e., to make N a minimum. 

Now, the curves fi, fas fa can be made to satisfy, as has 
been seen in § 221, $4(4+3)—2 conditions. 

Hence, N will be a minimum, if f., f2, fa be assumed to 
pass through as many as possible of the double points of the 
given curve F. 

If then the deficiency of F be denoted by p, the number 
of its double points is— 


3(n—1l)in—2)—p, te, in(n—3*—p+l1. 
(i) Suppose k=n—1. 
Then, fis Jı; fa may be made to pass through 
Lk(k+3)—2=H(n—1)(n+2)—2 


=1n(n+1)—3 points only. 


* Cf. Salmon, H, P. Curves, § 365. 
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Therefore, besides the double points, the curves f,, /,. f, 
can be made to pass only through 


(a+) —3}~{4n(n—3)—p +} 
ie, 2n+p—+ ordinary points on F, so that we may take 
a,=2n+p—4 and a,=in(n—3)—ptl. 
Therefore, the order of the transformed curve is 
N=nk—a,—2a, 
=n(n—1)—(2n+p—4)—24in(n—3)—p+1} 
=p+2. 
(iit) Put k=n—2, (n>2). 
As before, we may take a,=1n(n—3)—p+l,° so that 
a, ={}k(k+3)—2}—{3n(n -3)—p+1} 
={}(n—2)(n +1: —2}—{}n(n—3:—p +1} 
—n+p—4 
N=n(n—2)—a, —2a, 
=n(n—2)—(n+p—4)—2{}n{n—3)—p+1} 
=p+2. 
(iii) Put k=n—3. 


We take a, =4n(n+3)—p + l, and consequently, a, =p—3 
as before, so that p is to be taken always greater than 2. 

Hence, N=p+tl. 

Since the transform has the same deficiency as the given 
curve, we may summarise the above results in the following 
theorem : 

A curve of order n with deficiency p may be transformed 
into a curve of order p+2 with deficiency p or with +p(p—l1) 
double points. 

If p>2, the order of the transform may be p+1 with 
deficiency p, or with 4p(p —3) double points. 


RATIONAL TRANSFORMATIONS 2&1 


If, however, p=0, the curve may be transformed into 
conic, which however can be further transformed into a 


straight line. 
If p=1, the transform is a cubi so on. 


For a detailed discussion, the student is referred to 
Brill-Néether’s paper—‘‘ Ueber die algebraichen Funcktionen 
and ihre Anwendung in der Geometrie’’—Math. Ann. 
Bd. 7, pp. 297-398, and also to Cayley’s paper—‘ On the 
transformation of plane curves,” Coll. Works, Vol. 6, pp. 1-9. 


226. REDUCTION of A CURVE witu MOLTIPLE POINTS: 


The following formal proof for the general case of a curve with 


multiple points was given by Scott.” 


Let F have maltiple points of orders r,i, ta, ra, ete, and at these 
points let the curves f,, fa, J, have multiple points of orders 
Pir Por Ps etc. (where any of the +s or p’s may be zero or unity). 

[t is reqnired to determine k and p’s, so that the order of the trans- 
formed curve N=nk—Sr.p; may bea minimum, e., fora given value 
of k, =r,p; is to be made a maximum, 

The cnrves fi, fas Ja can be made to satisfy 14(4+3)—2 conditions 
only, but if a p-point of the ’s is placed at an ordinary point of F, the 
number of conditions imposed is 3p(p +1), while the point counts as p 
intersections. 

Evidently, 3p(p + 1)2p, according as p21. Hence, au ordinary point 
on F will count as most intersections, if it bean ordinary point of 
fis, ie., if p=1. 

Again, if a p-point is placed at an r-point, the number of conditions 
is ip(p + 1), while the number of intersections is rp, and rp—ip(pt1) is 
certainly a positive quantity, if r>l and p=I1, and generally, the 
difference betwecnu the number of intersections and the number of 
conditions is to be made a maximum. 

Since the multiple points are supposed independent, the existence 
of other multiple points will not affect the number of conditions imposed 
upon f., fafs by supposing the p-point at the r-ple point of F. Hence 


* Scott, “ Note on Adjoint Curves,” Quarterly Jonrnal of Math., 
Vol. XXVIII, pp. 377-381. 


36 


282 THBORY OF PLANE CURVES 


at every 7-ple point of F we have to make the difference a maximum 


ie. to make rp—tp(p+1) or, tp(27—p—1) a maximum. 


Now the sum of the two factors being given, t he prodact will be a 
maximum when the two factors are as nearly equal as possible, 
t.e., when the factors are rand r—1. Thus we may take p=r or p=7—1, 
and in either case the above expression =}r(r— 1). 


Hence, at every 7-ple point of F we may take p= o p=r—I, and 
then take other e ordinary points on F sufficient to make up the 


number of conditions necessary for the transformation-net, 


But since an +-ple point on j’s may be regarded as an (1—1)-ple 
point with r of the o other conditions, the case p=r may be included in 


the case p="—1. Hence we may summarise the result as follows :—- 


The reduction of the order of a general curve as lowest as possible 
must be effected by means of a transformation in which the transformation- 
curves shall have an (v—1)-ple point at every r-ple point on F, and 
shall. pass through other a ordinary paints on F, sufficient to make up 
the number of conditions required for the nel, or, in other words, the 


lransformation must be effected by means of adjoint curves. 


DEFINITION : An “adjoined’’ or “adjoint” curve is one which has 
an (7—1)-ple point at every 7-ple point of an n-ic. 


We shall next show that best results can be obtained, in general, by 
using adjoints of order k=n—3, ie, we shall tind the value 
of k which will minimise N=nk—3r,p;—o, where p=7—I, and e 
gives the number of ordinary points on F that may be chosen arbitrarily 
for the determination of f,, f.,f3- 


But there is a limit to the value of ø. For the number of points 
on an n-ic of deficiency p which can be chosen to determine a 
curve of lower order k is nk— p. and the remaining points are thereby 
determined, if&>n—2. But if k<n—3, there is no such limitation. 
Hence, for the net of adjoints, if k>n—2, the number of intersections 
used in imposing conditions falls short of the total number by p+2, 
which shows that 21(r—1) + 0=nk—p—2 


N=nk—3r(r—1)—c=p+2, when k>n—2. 
If Agn—3, wə have }3r(r—1)+o= 1k(k+3)—2 


i.e, o=3k(kK+3)—3(un—1)(n—-2) + p—2 


which implies that the expression must not be negative. 
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Now, writing k=un—38+/, we have 2ø=t>— 6u +2ui—3t—0 + 2p, 
which shows that 2p&6—t(2un—3+/), tc, the valuc of » depends 
upon », which therefore is a special case and is not to be considered. 

é must be zero for the general case, and hence k2n—3, 


o=p-—3 and N=p+ 1, subject to the condition p{38. 


Thus, in general, the lowest possible order of the transformed curve 
is obtained by means of adjoints of order n —3, passing through certain 


ordinary points of the given curve. 


The question of farther reductlon of the order, by a proper choice 
of the ordinary points, shonid be discussed separately. 


227. AbsOINT CURVES: 


From what has been said above about transformation 
curves, it is seen that the special class, called “adjoints ` 
which is so familiar to the student of function-theory, plays 
no unimportant a part in the geometry of plane algebraic 
curves. As we have seen, the adjoints of order lower by 
three than the original curve are important from the fact 
that they always transform into corresponding adjoints of 
the transform curves. Adjoints to the adjoints of a curve 
are called Second Adjuints, and so on, The use of success- 
ive adjoints as a means of investigation is due to S. Kantor 


and G. Castelnuovo.* 


Now, the fact that a curve has (r—1)-ple point ata 

given point is equivalent to }*(r—1) conditions ($90). 
Consequently, the co-eflicients in the equation of the adjoint 
(n—3)-7ic must be connected by 347(r—1)_ relations 
extending over all the multiple points of the m-ic, and 
its equation therefore contains !n(n—3)—2347(7—1) arbitrary 
co-efficients. 
But tn(n—3)— 3dr (r—1L) = { (n— 1) (n—2) —Shr(r—1)f—1 
Thus we may state that the deficiency of an -re is one 
more than the number of arbitrary co-eflicients in the 
equation of the most general adjoint (n—3)-vc. 


* Math. Ann. Bd 44 (1894), pp. 127. 
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It is to be noticed. however, that for n=l or 2, p=0; 
and for n=3, p=0 or 1 according as the nu-ze (cubic) has 
or has not a double point. 


220. INTERSECTIONS OF A CURVE WITH JTS ADJOINT: 

Since at every v-ple point the adjoint has an (7—1)-ple 
point, the point counts as r(v—1) intersections, and the 
fact that the adjoint has an (r—1)-ple point is equivalent 
to 47(7—1) relations tetween its co-eflicients. 

Hence we obtain the theorem : 

The number of intersections of an n-ic and an adjount at 
the multiple points of the nete is double the number of vrela- 
tions between the co-efficients of the adjoint curve. 

If the adjoint be an (»—8)-ic, since there are p—l 
arbitrary co-efficients, the number of relations between its 
co-efficients 1s 4n(a—3)—p+1l=}(n—1)(1—2)—p. 


Ez. Show that the identity (1) of §38 holds, if Ci. Cu Cys C, 


are adjoints to C. 


229. INTERSECTIONS WITH A PENCIL oF ADJOINTS : 


Let } be the order of a curve adjoint to the nec. with 
multiple points of orders 7,,%,, 75... Then the multiple 
points count as 3%(7—1) intersections and the co-efficients 
of the adjcint h-ic are connected by 3237(r—1) relations. 

Therefore the /-7c requires $4(445)—43r(;—1) other 
conditions to be uniquely determined, t.e., we may take 
4h(kh+3)— 3 2r(7—1) other ordinary points on the x-re besides 
the multiple points, so as to completely determine the adjoint. 

Now, the two curves intersect in nk points. Hence the 
number of remaining intersections 

=nk— dr(v—1) — {F4(44+3)—$23rv—))} 
=nk—}5r(r—1)—}k(k+3) 
=nk+p—}(n—l)(n—2)—}k(k+3) 

=} (2nk— n? — k? +3n—3k)+p—1 


=3(n—h)(h—n+3)+p—l1. 
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This result shows that if we describe a pencil of k-ics 

through the multiple points and through 

{3k(k-43)—1} 38-1) 
other ordinary points on the n-ic, then this pencil will 
meet the n-rc in 4(n—k)(k—n+3)+p variable points. 

Hence, we may state the theorem : 

Any curve of a pencil of adjoint k-tcs, through the multiple 
points and other ordinary fixed points on the n-ic, will meet the 
n-ic in $'n—h)(k—n+3)+p variable points. 

If k=x—1 or n—2, this number isp+1; if k=n—8, 
it is equal to p. 

Thus, any adjoint (#—3)-7¢ through the multiple points 
and through 32/n—3)~—1l—}(w—1)(n—2) +9, te, p—2 
ordinary points on the u-ze will meet the n-ze in p other 
variable points. 


Ev. A pencil of adjoint k-ics has its base points on an n-ic. Show 
that (n—k)(k—n+38)+4p—2 curves of the pencil touch the n-ic at 
points other than a base-point. 


230. TRANSFORMATION BY ADJOINTS : 


Let there be a, double points, a, triple points, and a, (r+ 1)-ple 
points on the given n-ic F=0, so that the adjoint k-ics have 
common a, single points, a, double points, ... a, 7-ple points on F. 

If p’ denotes the deficiency of the adjoints, by § 53. 

p=¥(u—1)(u—2)— F2r(r4 La, (1) 
p= Mk=1)(k—2)—327(r-1a, (2) 
Now, p=3(r—1)(u— 2) — fr — l)a, — (a, + 2a, + + 7a, ) 
=!(n—1)(n—2) —43r(r—L)a, —3(k—1). (§ 221). 
p —p={}k-1)(4—-2)—327r(7—-1)a, } 
~{3(v=1)(n—2) —33r(r— 1)a, —3(t—1)} 
= (k= 1)(k—2) — Mn —1)(u 2) +3(k—1) 
be, p =1(k-1)(k -2) —3(n—-1)(n—2) +38(K—-1) +p. 
Hence, ifk=n—1l, p’=2n+p—4=number of ordinary points. 


If k=n-2, p’=nx+p—4=number of ordinary points. 
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If k=n—3, pP =p—38=o0= number of ordinary intersections. Since 
it is a (1, t) correspondence, there should be no ordinary intersection 
on F. 

a=p—-3=p'=0, ie., the adjoints must be unicursal. 


That this is a sufficient condition can be shown as follows: 
As before, S23r(7 4 l)a, =!1(4—1)(n—2)—p (3) 
and Mr(r—Va, = (k-11 )(k—2)- p (4) 


and if q be the number of free intersections besides the multiple and 
other points on the given curve, then 


q=k? = ra, —a (5) 
() If :=n—3, g=p—38, and (4) can be written as 
$Sr(r—L)a, = '(u—4)(n-5) — yp’ (6) 


From (1) and (6) we have Zrřa, =n°>—6n+l1l- p-p 
q= (u—3)? —(n?-6n4+ 1l—p—p’)—(p—3) =p +1. 

(u) fk >u—8, we have c=ak—p-2—3r(+1)a,. Substituting 
this value of ~ and that of Sr?a, obtained by addition of (1) and (2) 
in equation (5), we obtain—- 

q=k? —nk—}(n—V)(n—2)-— (K-1)(k-2) +p’ +2 
-'(n—k)(n—k—3) + p' +2 
= M(n—k—-1)\(n—hk —2) +p’ +1. 
lî k=u—] or n~—2, q=p +1, the same as above. 

Hence, by means of adjoints of order Z n, but Kr —3, and deficiency 
p', the plane ia subjected to a (q, 1), i.e., (p +1, 1) transformation. 

It will be a (1, 1) Cremona transformation, if p’=0, t.e., if the 
adjoints are unicursal. 

Thus the necessary and sufficient condition that the transformation 
by adjoints is a (1, 1) transformation is that the adjoints be unicursal. 


It is to be noticed, however, that the number of free intersections of 
a net of curves (not necessarily adjoints) of deficiency p’, passing in 
a specified manner through fixed points is p’ +1, and this isa particular 
case of a theorem due to Segre.* 


* Segre, Rendiconti del Circolo Matematico di Palermo, Vol. 1 
(1887), p. 217. 


CHAPTER XI 
UNICURSAL CURVES 
931. PARAMETRIC REPRESENTATION 


It has already been said that a curve is rational or 
unicursal wken its deficiency is zero, and conversely. In the 
present Chapter, however, will be discussed certain properties 
of all curves, the co-ordinates of whose points can be 
expressed in terms of a single variable parameter. 


The real significance of the two co-ordinates of a point in 
the Cartesian system lies in the fact that a point has two 
degrees of freedom in the plane, and is practically contained 
in the two statements : 


(1) The point hes ona certain locus ; 
(2) The point has a particular position on this locus. 


Hence, the homogeneous co-ordinates must be expressible 
in terms of two independent parameters in the form 


£y: =F (A, Miia a) i fs, p) 


where f,, fa, fa represent rational, integral functions of 
order n without a common factor. 


When one of the parameters (u) is given, one degree 
of freedom is lost, and the point is restricted to lie on the 


* 


locus »p=const. and the co-ordinates * are defined by 


z: Yy: 2=f,(A): f(A) : fA) 
where A is a variable parameter. The elimination of A from 
these equations leaves the position of the point ou the curve 
undetermined, but still the point hes on the curve, and we 
obtain the equation of the curve.t 


* Brill, Math. Ann. Bd. 5(1872), p. 401. See also the papers by 
Luroth, ibid, Bd. 9, Pasch, Bd. 18, and Humbert, Bnl. Soc. Math. de 
France #. 13(1885), pp. 49 and 89. 


t. Cf. J. E. Rowe -Bulf. Am. Math. Soe., Vol. 23(1917), pp. 304-308. 
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232. CresscH METHOD : 


If the n-ic is of zero deficiency, it has 34(n—1)\n—2) 
double points. Through these double points and through 
th(k+3)—3(1—1)(n—2) other points on the curve (k<n), 
a curve of order k can be drawn, which intersects the n-:c in 
only kn points. Since each double point counts as two 
intersections, we must have 


Lk(k+3 3} +4(n—1)(n—2)=hn 
which requires that k=n—1 or k=n—2. 


Therefore, if we construct a pencil of (n—1)-zes 
u—dAv=0 through the double points and through 2n—3 
other points on the given w-7c, then each curve of the pencil 
will intersect the n-zc in one point whose co-ordinates can 


be rationally expressed in terms of À. 


In a similar manner, if a pencil of (n—2)-tcs be drawn 
through the double points and »—3 ordinary points on the 
n-ic, each curve will intersect the latter in a point whose 
co-ordinates can be similarly expressed. 


Thus, by taking a pencil of (n—1)-ics or (n—2)-ics we 
can express the co-ordinates rationally in terms of a 
parameter. 


The above considerations at once suggest that there 
always exists a k-ic which intersects the unicursal n-de in a 
number of fixed points, or has assigned singularities at those 
points, such that the points count as nk—1 intersections. 


Case I: The n-zc has no multiple points other than 
ordinary nodes and cusps. 


If k=n—1, the co-efficients in the equation of the k-ic are 
connected by }(n—1)(n—2)+2n—8=134(h43)—1 linear 


relations, and the intersections count as— 


2x i(n—1)(n— 2) + (2n—3)=nk—1 points. 
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Case II. The n-ic has ordinary multiple points and the 
k-tc has an (r—1)-ple point at each r-ple point on the n-te, 
and passes through (n—3) other fixed points. 

If k=n—2, since p=}(n—1)(n—2)—237(r—1) =0, 
the co-efficients in the equation of the k-7c are connected by 

Sir(r—1) + (n—3) =} (n—1)(n—2) + (n—3) 
=tk(k+3)—1 (§ 50) 
linear relations, and the intersections count as— 
Sr(r—1) + (2 —3) =(n~—1)(n—2) + (2-3) 
=nk—1 points. 

In fact, the k-tc is an adjoint (n—2)-vc passing through 
(n—8) ordinary points on the n-ic. 

233. THE ORDER OF THE UNICURSAL CURVE : 

Consider the curve— 

wey: t=fi) fa A) efi) a Q) 
where fi, fa, fs are rational, integral, homogeneous functions 
of order n in A. To each point of the curve there corresponds 


a certain value of the parameter A, and conversely, The 
functions f,, fa, f, cannot have any common factor. 


Any line lz+my+nz=0 intersects the curve in n 
points given by— 
Uf, + mf, +nf, =0 n (2) 


and consequently, its order is n. 


That the equations (1) represent a general curve of order 
n, having (n—l)(n—2) double points, follows from the 
fact that the expressions (1) contain 3(n+1) arbitrary 
constants. By a linear transformation of the form — 
ee tg 
rÀ +s 
we may reduce the number to 38n—1. 
But 3n—1L=jn(n+3)—3(n—1)(n—2) 
t.e., equal to the number required for determining a general 


37 
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curve of order n with 3(n—1)(n—2) double points, which 
proves the proposition. 


234. Tar CLASS oF THE UNICURSAL CURVE : * 


The equation of the curve in line co-ordinates is obtained 
by forming the discriminant of the equation (2), t.e., by 
eliminating à between the equations 


dfa pmf pno | 
‘ar t™ a =f (3) 


| 
Lf (A) + mf, (A) +n, (A)=0) 


The discriminant is, in general, of degree 2(n—1), and 
consequently, the curve is of class 2(n—1), 


Of. Of. Ss ap ep eg m 

If, however, A a a sfet Ts ( 
the two equations become identical, and the common roots 
of (4) reduce the class of the curve. 

Hence, if the equations (4) have «x common roots, the 
class of the curve is m=2(n—1)—x. We shall see later 
on that the equations (4) give the parameters of cusps, and 
hence, if there are « cusps, the class is m=2(n—1)—x«. 


235. PARAMETRIC REPRESENTATION IN LINE CO-ORDINATES : 


By eliminating l,m, n between the equations (3) and 
Le+my+nz=0, we obtain the equation of the tangent at 
any point in the form— 


æ y z |=0 (5) 
fa Sı fa 

8 A Or 

fa fa fs 


* Olebsch—Crelle, Bd. 64 (1865), p. 43. See also Haase, Math, 
ann. Bd. 2 (1870), p. 516. 
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Hence, the co-ordinates of the tangent are given by— 


` Or OA 

f Ws p f 
pn =f, SÀ fi oA 
_-¢ fı Of. 
pl Ts ay fi aa 


ie., the co-ordinates of the tangent are rational, integral, 
algebraic functions of a parameter. Hence we obtain the 
theorem : 


If a curve is unicursal qua locus, tt ts untcursal qua 


envelope. 


It is to be noted here that the parameters in the co-or- 
dinates of the tangent cannot occur in degree higher than 
2(n—1), but may be less, It follows then that the class 
of the curve cannot be greater than 2(n—1). 


Bæ. 1. Consider the parabola y?=4as. 

The co-ordinates of any point on this curve can be expressed in the 
form z=at*, y=2at. 

The equation of the tangent at any point (t) being ty—#—at*=0, 
the co-ordinates of the tangent are ~¢=—1, n=t, ¢=—at?, which 
shows that the parabola is unicursal qua envelope. The tangential 
equation of the curve is easily obtained in the form an?=¢{¢, 

Ee 2, Express the co-ordinates of any point on the curve 

(a+ y)?st=n*(y +2)? 
rationally in terms of a parameter. 

Ee. 3. Prove that the order of a unicursal ourve of class m is not 
greater than 2(m—1). 

Ex. 4. The locus of the poles of any normal toa given oonio is, in 
general, a unioursal quartic. Discuss the case when the conic isa 
parabola, 

Ee. 5. If fi, fs, f, are polynomials in tof degree n, in which the 


co-efficient of t*~' is wanting, the sum of the parameters of points 
where any algebraio ourve intersects the n-tc is zero. 
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236. SıNGULAR POINTS: 


As already shown, at a double point the co-ordinates have 
the same values for two different values of the parameters 
à and àA’, we, when A=’, 


FiO ANES ANF AES A) A) ve Q) 


The case of a node has been discussed in § 56, but in the case 
of a cusp, the equations of the tangents for the two branches 
meeting at the double point must be the same, t.e., the 
co-ordinates of the two tangents must be proportional. 


(fsOf2/OA—f, Of /OA)=h'( Of, /Or' — fdf s/N) 
(f,Of3/OA—f,0f, /OA) = k (F Afs ON —f, Bf, ON) 
( fsOf,/OA—f, Of, /OA) =h'( fF, Of, [ON ffa 0N) 


where A, X are the parameters of the coincident points 
belonging to the two branches, whence we obtain the two 
following determinant equations: 


of, of, i: xa, WW -rryl=o 2 
w F fA) ipa 5h f(A) (2) 





Sf, Of. F; > yt, fa 

an! ah fa (AÀ) fal A ) Dh fs (A) 
Of s G), 3 7 a Of. 
AN AA fà) Ja CÀ AA f(A) | 


which show nothing but that A, A’ must be the double roots 
of the equation giving the nodes. 


There are then two cases to be considered : 


(1) When A and A are different; there is no cusp but 
two nodes indefinitely near each other, such that their 
tangents coincide, and there is no reduction in the class. 


(2) When A and X’ are equal and represent the pair of 
equal roots, which then give a ousp, and the class of the 
curve is reduced by one. 
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Putting A’=Afe, where e is à very small quantity 
approaching zero, from 2) we obtain— 


Bf, Of, = 
Of, Of 

ou! ge ts 
Of, Os + 

ra), Co <), 


the double roots of which give the parameters of the ousps. 


Thus the cusps are given by the equations A=0 and 


0A _ of Qf a 
mah E Ee | x0 (*) 
Of, Of 
fa Or DA? 


Second method : 
The cusps may also be determined from the equations— 
X lp = Be = Se |p, (8) 
For, at a node we have equations (1) satisfied, and putting 
each ratio equal to k, we have— 


FN) A) = FaN fa N) =: Fa A) fa (à) 
(=A A) (A — AfA) (NASCA) 


_ k-l 
(NXA) 


But, by the mean value theorem, we have— 
Nf (A) _ y 
FOB =F (AHOA) 


where @ is a positive proper fraction. 
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Now, when the tangents at the node approach coincidence, 
\' approaches A, and we have in the limit— 


H Ino = Lara H fo 


237. INFLEXIONS : 


If à, A’, A” be the parameters of three collinear points 
on the curve, we have— 


Uf, (A) + mf, (A) +nf, (A) = 0 
Uf, (0) mf, (N) Haf, (N) =0 
Uf (OM) + mfg (A) +f, (r") =O 


where A, X’, A” are all different. 


~. The condition of collinearity is obtained by eliminating 
l, m, n from the above equations in the form— 


fi) f(A) fs) =0 
WOR) AO) AO) 40 
AAN AANA AN) | 


If now À, à’, A” approach equality, but still distinct, 
the above condition reduces to— 


A = 
2nin—1)? = 
Hence, the inflexions are given by the equation— 
A=0. . (6) 


Thus at a cusp, we have both A =0 and 8A/8A=0, while 
at a point of inflexion only A=0. 

From equation (6) it follows that the number of inflexions 
is, in general, 3(n—2). But since a double root of (6) gives 
a cusp, the number of inflexions reduces to 3(n—2 )—2k, 
if it has « double roots, t.e., if the curve has x cusps. 

In fact, i=3n(n—2)—3(n—1)(n—2) —2x 

=3(n—2)—2x 


UNICURSAT. CURVES 295 


This number gives an upper limit to the number of 
cusps which a curve can possess. For, since 3(n—2)—2k 
can never be negative, the number of cuspson a curve can 
never exceed 3(n—2).* 


238. BITANGENTS or UNIcuRSAL CURVES : 

Bitangents and stationary tangents can be found axactly 
inthe same manner, if the curve is regarded as unicursal 
qua envelope. 

As proved in § 235, the co-ordinates of a tangent can be 
expressed in terms of a parameter in the form : 

E: n: l=, (A): P(A) : 65(A) 

Therefore, the parameters of the bitangents are obtained 
PO) Pt) ON). i AEN 
PCA) PaA) pN)? 

The number of bitangents of a unicursal curve is found 


to be 2(n—2)(n—3), as can he verified from the formule 
of § 146. 


The parameters of inflexional tangents are given by— 


from 


ð$, ip, =OPs jo. =o fés» and so on. 


For a detailed discussion of the double tangents, etc., of 
a unicursal curve, the student is referred to the paper of 
Clebsch—Crelle, Bd. 64 (1865), pp. 53-54, and of Haase— 
Math. Ann. Bd. 2 (1870) p. 515. 


* There isa further limit to this. The inflexions on an n-ic are 
i=3n(n—2)— 68 — 8k. 
.. For each n-ic, in general, we must have 63 + 8k ¢3n(n—2). 
Henoe, if 5=0, the upper limit to the number of cusps is }n(n~2). 
But, $(n—1)(n—2)—3n(n—2) =}(n—2)(n—4) 
Hence, if n>4, all the double points on an n-ic can never be cusps. 


See M. W. Haskell, Bull. Am. Math. Soc., Vol, 23 (1817), pp. 164-165. 
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Ex. 1. Consider the curve ; a=tt, y=l1l+t*, =t. 
For donble points, we must have — 
+=, += At, Yay, when tt. 
As in § 56, the nodes will be given by— 
d,=W—1=0 and p, =t (t+ +t)=0 
Whence eliminating ¢ we obtain ¢*+¢?+1=0 which gives the 
parameters for the nodes. 
But, (t* +0941) >(t9 4+¢4+1)(t?—t4+1)=0 
whence, t*+i+1=0 giving t=w,w*, the imaginary cube roots 
of unity, and t*'-t+1=0 = giving t=}(+14i1 V3) 
i.e., the values of the parameters are imaginary. 


The first gives the aonode (1,—1, 1) and the second gives the acnode 
(~1.1,1). The cusps and inflexions are given by the determinant 
equation (4) § 286, which reduces to ¢?(t?—2)=0, whose roots are 

t=0,0, + vV? 


The two O values of ¢ give, in fact, a point of undulation at 
(0, 1,0). The cusps are given by the double roots, t.e., the common roots 
of this and ¢(t?—1)=0, Hence ¢=0 is a common root and should give a 
cusp, but this is found to be a point of undulation. Therefore (O, 1, 0) 
is not strictly speaking a cusp. If, however, we replace t by 1/¢’ in 
the original values of w, y and z, we find w=1/t’*, y=(1+¢'*)/t?, z=1/U’. 


Proceeding as before, the cusps are given by the double roots of 
*(1—2¢%)=0. Hence ¢’=0, i.e, t= oo gives a cusp (1, O, 0). 

Any line meeting the curve in points t and ¢’ is— 

(L— tt’ jo tylft Atr Aet) nlt? HEES 4 68 + 08! + 2 + 8) =O, 
whence, by putting t=?’ the equation of the tangent at any point (t) 
is obtained in the form— 

(1—2? )w + 3t4y— 2t? (t° + 2)s=0 (1) 
The ¢gngent at any other point (t) is— 
(1—t*)a + 8t ty- 2 (t! +3)z=0 (2) 


We have a bitangent when (4) and (5) represent the same line, ñ.e., if 


l= _ tt „ t8(t8 42) 


Imes pe T perap) TIHE 


whpnop we got (¢+1) (t?+¢*—#97*)—0 and t=? 
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The bitangents are given by— 


t+t=0) ce + 1/2 —¢2'/2 30 
> and 
tt'=2) ? ti’ —2. 


The first group gives f=—f=iV/2 ie, tt+2=0?+2=0. 
The bitangent is z+ 4y=0, 


The other group gives equal values of t and t’, and hence there is 
no bitangent. 


Bitangents may be obtained otherwise as follows 


The co-ordinates of the point of intersection of (1) and (2) are 
given by— 


z 


g 


— eR Re E oa Ae ee et == n < ——_ +c 
6u3,(v—-2) 2u* +(4+4 2v* —6v)(u? —2v) + 4v? 3 fu? —Quv—3r2u} 


where t+ť=u and tt =v. 


If the tangents coincide in a bitangent, their point of intersection 
is indeterminate. Hevce the denominators in the above expressions 
must vanish, we get v—2=0 and u=0, also n=v=0; but u=v=0 
gives t? =0, which gives an undulation, as has already been seen. 


Thus u=t+t =0, and v=tt/=2, whence ł?+2=0, and we get 
the bitangent æ +4&y+0. 


Ea. 2, Find the singular points on the following curves: 
(1) c=t+t?, y=1+4+?? (2) x=t(2—t), yw=t'(2—Fr)* 
(vr) v=l+t+t?, y=? +t? +¢41, 
Ex. 3. Find the singular points and singular lines on the curves : 
(i) m=1+t?, y=tf, z=f?—t 
(i) x= cos 3, y= sin 3$. z= coso. 
kx. 4. Find the Plickerian characteristics of the curve y?z°= 7° 
[n=m=5, p=0, 6=7r=3, x=t=3.] 


Ez. 5. Show that the envelope of lines joining corresponding points 
on a unicursal quartic and a conic is a Class-gextic. 


38 
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239. SPECIAL CLASS oF RATIONAL CURVES: 


Among the rational curves there are those with an 
(n—1)-ple point, or with three ordinary points where the 
tangent has n-pointic contact. To this class belong the curves 
called Triangular Symmetric Curves, represented by the 
equation a¥*+by*-+-cz"=0, where n is rational, positive or 
negative. 


For a detailed study, see Darboux—Comp. Rend., 
Vol. 94 (1890), p. 930 and 1108, Brusotti—Lomb. Ist. Rend., 
Vol. 37 (2) (1904), p. 888, Loria—Spezielle alg. und 
transzend. ebene Kurven, Vol. I (1910), p. 341 and 
Wieleitner—Spezielle ebene Kurven (1908). 


240, Tue CIRCUIT or A UntcursaL Curve: 


The co-ordinates of a point P on the curve being con- 
tinuous functions of the variable parameter A, the point 
P moves continuously as A varies, provided, of course, P is 
finite. If the co-efficients in the equation of the curve are 
all real, real values of A will give only real points P. Con- 
sequently the real values of A from O to 0 through infinity 
give a series of real points, ending where it began, t.e., 
the points are arranged in a single circuit, which may 
pass through infinity, but the locus is still continuous, there- 
fore, a unicursal curve consists of a single circuit, with its 
real points arranged in one continuous series, z.e., it is 
untpartrte. 


If, however, A is imaginary of the form a+zf, it is also 
of the form a—zf, t.e., the point P is a double point. Since 
a consecutive value of A does not give a real point of the 
curve, there is no real point of the curve consecutive to P, 
t.e., P is an acnode. Hence it follows that there may be a 
finite number of real intersections of imaginary branches, 
which are isolated points (acnodes), but these cannot be 
included in the continuous description of the curve by a 
real tracing point. Thus the unicursal curve consists of a 
single circuit, ¢.e., it is unipartite. 
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241. UNipartite Curves NOT NECESSARILY UNICURSAT : 


Although unicursal curves are unipartite, the converse 
theorem is not always true, z.e., all unipartite curves are 
not unicursal. 


For example, consider the curve «*+.c#=y?, which 
consists of a single circuit, v.e., is unipartite; but it is not 
unicursal. If it is to be unicursal, the co-ordinates of its 
points must be expressible in terms of a single parameter, 
and the elimination of the parameter should give the 
equation of the curve. Since the co-efficients in the 
expressions may be either real or imaginary, by a proper 
substitution of the form w=u', y= W7y', z=i:' the equation 


obtained is v3 — a'z? + y'32'=0 


which is unicursal, but this is certainly bipartite, as can be 
easily verified, the branches lying between 2’—1, 2’ and 
w’-+l and infinity. Hence the curve 25+. =y?*, although 
unipartite, is not unicursal.* 


242. Curves WITH Unit DEFICIENCY: 


It has been shown in § 225 that a curve with unit 
deficiency can be transformed into a cubic having the same 
deficiency, and as will be shown later on, the anhar- 
monic ratio of the four tangents drawn from any point on 
a cubic is constant for all positions of the point. These 
facts enable us to express the co-ordinates of any point on 
a curve with unit deficiency as rational functions of a 
parameter 6, and of v @, where © isa quartic function of 0, 
From what has been said above, it will be sufficient, if 
this can be established for a cubic curve. 


* It is to be observed that the term wnicursal makes no distinction 
between real and imaginary points, and if a unicursal curve has any 
real part, it consists of a single circuit ; whereas the term wunipartite 
refers to the appearance of the curve and takes cognizance of the real part 
only. ln fact, just asan equation having a real root is not necessarily a 
simple equation, a unipartite curve is not necessarily unicursal. 
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For, in this case +, y,z can be expressed as rational 
functions of wv’, y’, z. If the cubic is taken to pass through 
the point ry, we may write y=@e in its equation, when 
v : y : zare obtained in the above form. The values of 6 
given by @=0 correspond to the four tangents which can 
be drawn from the point xy to the curve. 


Thus the co-ordinates of a point on the curve with unit 
deficiency can be expressed as rational functions of ĝ and 
/@. Now by a linear transformation of 6, /“@ can be 
brought to the form /(1—6*) (1—k?6*), and putting 
O=sn u, /(1—6?) (1—k*6*) becomes cn u dnu and the 
co-ordinates are expressible in terms of the elliptic functions 
sn w,cn «u and dnu of a parameter u. 


243. CO-ORDINATES IN TERMS OF ELLIPTIC FUNCTIONS: 


By asing a method similar to that used in § 54, we shall 
now directly establish the theorem : 


The co-ordinates of any point on a curve of unit deficiency 
can be expressed rationally in terms of elliptic functions. 


Let f=0 be the equation of an »-2c with multiple points 
of orders k,, k,, k,,...such that the deficiency 


=} (n—1)(n—2)—3ik(hk-1) =1 
© B4h(k—1)=3(n—1)(n—2) —1 =I1n(n—8). 


Hence, a unique curve of order (n—3) can be drawn through 
the multiple points. 


Now take a system of (n—2)-zes adjoint * to the given 
n-ic, i.e., a system of (n—2)-7cs having a (k—J)-ple point 


* We may take a pencil of N-ics subject to the condition that the 
intersections at the fixed points must be equal to nN—2, which is 
satisfied when the N-ic is an adjoint (n—2)-ic, passing through 
n—2 other fixed points, since 3k(k—1) +(n—2) =n(n~—2)—2=aN—2. 
A second condition is that the co-efficients must be connected by 
4N(N +3)—1 relations, which is again satisfied by the adjoint (x—2)-:r, 
since, PEk(kK—-1) + (n—2)=2(n—2)(n + 1)-1L=IN(N—-3)-1, 
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at each A-ple point of f, and passing through (n—2) 
other fixed points on f. 

But the number of arbitrary co-efficients in the equation 
of such an (n—2)-7¢ is 34(n—2)(n+1), and the number 
of conditions assigned is— 


Dik(kK—1)+(n—2), ie, 1(n—2)(n+1)—1 


Hence the equation of the system will contain one arbitrary 
parameter and can therefore be written as 


u+Av=0 (1) 


where u and v are any two particular members of the 
system. 


Now, the curves (1) intersect f, in general, in n(n—2) 
points, of which 34(k—1)+(n—2), i.e., n(n—2)—2 are fixed. 

There are then two variable points P and Q which 
depend on À. 


If we eliminate one of the variables y (say) between 
f=0 and u+Av=0, we obtain an equation of order n(n—2) 
in æ, n(n—2)—2 of whose roots are the abscissze of the 
fixed points and the remaining two are the abscisse of the 
two variable intersections P and Q. Removing the 
known factors, we have an equation of the second degree in 
æ with the co-efficients rational in A, whose roots give the 
abscisse of P and Q in the form— 


2A + Bo? 
where A and B are rational in À, and @ is a polynomial in A. 
If we substitute either of these values in the equations of 


the n-tc and (n—2)-7c, we obtain two equations in y whose 
common root gives the ordinate of one of the points P (say) 


and is of the form A'+B’@?, where A’ and B' are both 
rational in À. 


Since the values of À given by @=0 correspond to the 
points of contact * of the variable (n—2)-ics which touch 


* These include cusps other than at the fixed points. 
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f=0 at a point other than any of the fixed points, and there 
are four such curves, ® must be a polynomial of order four 


in À. 


Thus the co-ordinates of any point ona curve of unit 
deficiency may be expressed rationally in terms of a 
parameter A and an expression of the form * 


O= fadt +4UAS + Bcd? +4dA +e}? 
By a suitable transformation, both à and © can be simulta- 
neously expressed as rational functions of the elliptic 
functions of w—sn uw, cn u, dnu, which proves the proposition. 


244, SIMPLIFICATION BY WEIERSTRASS’S NOTATION: 


Weierstrass’s elliptic function @(wv)7 is defined as— 
an (u°&u)=l 


and is connected with its derived functions by the relation 
g'u? =4G2u—g, Gu—g, 
where g, and g, are invariants. 


The function €u is doubly periodic. If w and w are 
the periods, we obtain the same value of €u, when wv is 
replaced by u+mw+m'w’,, where m and m’ are integers. 


Now, we have seen that the co-ordinates of a point can be 


taken as A+ Bo?, where A and B are rational in A, while 
© is ofthe form (ad*+4bA> +6crA? +4drA+6) 


L 
In order to transform ©?, we make the substitution— 


A= ee + sSu—Clov = 


a Cu— Gu 


* Clebsch—Crelle, Bd. 64 (1865) p. 217. 
+ Goursat—Mathematical Analysis, Vol. II, Part I, § 69, p. 156. 
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where €v and 8'r are defined by the relations— 
a?@v=—(ac—b?), a @'v=a*?d—3abc+2d° 
and the invariants g,, Ya are given by ay, ==ac—4bd+4+3c? 
ang a? g, =ace + 2bcd —ad? —eb? —c è. 
Then ©? is transformed to a*[@(u)—@(u-br)], 


while A and B are transformed into rational functions of @u 
and @’2. 


. i 
Hence the co-ordinates A + BO? are expressible rationally 
in terms of doubly periodic elliptic functions ir the form— 


x+y @u—C(utv)] 


where x andy are rational in €v and @’u. 


Ex. 1. Consider the cubic 


yt =ag? +3bg? +3cz +d (1) 
Putting y=4y'ja and 2=—b/a+4e’!a, 
the cubic is transformed into y? = 4g * =g% ~g, (2) 
where l6y,=12(b?-ac) and 16g, =3abc— 2b? — a*d. 


But since g,°>—27g,? £0, the equation (2) represents a non-singular 
cubic and is satisfied by 2’=@u, y =u, where g,, g, are the invariants, 


t 4 4 
whence z=. +— Qu, pe Se 
a a a 


Ez. 2. Express rationally in terms of elliptic functions the co- 
ordinates of any point on the curve #2?=y(a#—y)(k?x2—y). 


The curve evidently passes through the point z=y=0, which is a 
point of inflexion with z=Oas the inflexional tangent. 


The three lines y=0, #»—y=0 and y—k’x=0 pass through this point 
and meet the curve elsewhere, where wz” =0, i.e., they are the tangents 
drawn from the point of inflexion to the curve, and their points of 
contact are situated on the line z=0. This equation is identically 


satisfied, if we put pa=t*, py=t, pz= J1—t? W1—k?t? . 
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Putting t~ sn u, 41-—t?=cnu, and /1—k?t2?=dn u. 


Taking the radical with a determinate sign, we have— 


sn’w+en*u=1, k*sn7*u+dn?u=1 
Thus pe=sn%u, py=snu, pz=cnu dnu. 


We may consider the intersection of the curve with the line z= y, 
which gives ©: y |: z2=sn5u | sn u : cnu dni. 


Ex, 3. Show that the co-ordinates of any point on the quartic 
y? =a8* + 6cz? + 4da +e 


can be expressed in terms of Weierstrass’s function wu in the form— 


o= ener y= Va (Qu—(@utv)] 





where Gv b d 


E.» 4. Show that the invariants g,, 9, in Ea. 3 are given by 


a’g, =ae + 3c?, a°’g,=ace—c?°—ad?. 


Ez, 5. Show that the sum of the arguments ,of the three points 


where any straight line meets a non-singular cubic is equal to the 
period. 


Es, 6. Express rationally in terms of elliptic functions the co- 
ordinates of any point on the curves: 


(i) 23 (23 +y?)=æz?y? 


(ti) y? =(2—-a)?(a—b)? 
245. THE CONVERSE THEOREM : * 


If the co-ordinates of any point on a curve can be expressed 


rationally in terms of elliptic functions @u and @ u, the curve 
ts, 1n general, of unit deficiency. 


Let the expressions for co-ordinates be— 


siyiz=f (u) : falu): falu) 
where fis Jafa are each of the form A+B@'(u), A and B 


° Bee H. Hilton—Plane Algebraic Curves, Chap. X, § 8. 
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being polynomials in @u. Since, by successive differentia- 
tion of the relation 


[@’x]* =4[€u]*—g, €u—g, 


we may express the products of powers of @u and 6’u 
occurring in A+B’ linearly in terms of — 


í 1 
Qu, Su, Bu, 


fis Jas fa may each of them be taken as a linear function of 
these in the form a+0@(u)+c@'(w) +d@"(u) +... +p"? (u). 
Any straight line le+my+nz=0 will meet this curve 


where Lf, (u) + mf, (uw) + nf, (uv) =0 


The left-hand side of the equation has n poles, and there- 
fore, n zeros. Consequently, the curve is cf order n.* 


The equation of the tangent at any point of parameter u 
may be written as in § 55, and the co-ordinates of the 
tangent are— 


afs —f sfa» fsfifil'ss Fifa fa. 
Now, in each cf these expressions, the terms of the type 


e (u). € T u). 


cancel, and consequently, each, when reduced to linear form, 
can be written as— 


f+4a,8(u)+a,8'(%) +.. +a, n-a 8’ "= (u). 
~. The class of the curve cannot be greater than 2n, 


Hence, as in § 55, the reduction in the class of the curve 
cannot be less than n(n—1l)—2n, or n(n—3), and conse- 
quently, tbe number of double points (excluding cusps) 


* Goursat—Math. Analysis, Vol. II, Part I, § 68. 
39 
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cannot be less than 4n(m—38) or 2(u—1)(n—2)—1, i.e., the 
deficiency cannot be greater than 1.* 

For a detailed discussion of the curves of unit deficiency, 
the reader is referred to the well-known paper of Clebsch— 
“ Ueber diejenigen Curven, deren co-ordinaten sich als 
elliptischen Functionen eines Parameters darstellen lassen ”— 


in Crelle’s Journal, Bd 64. (1865), pp. 210-270, Also— 


Harnack—Math., Ann. Bd. 9 (1876), p. 1, and Porter— 
Trans. Am. Math. Soc., Vol. 2 (1901), p. 36, 


* The deficiency is zero or unity. But since the functions f,, fa, J, 
will not usually be rational functions of a single parameter, we say 
that, in general, the deficiency is unity. 


CHAPTER XII 
THEORY OF CORRESPONDENCE, 


946. CORRESPONDENCE OF POINTS ON A CURVE: 


In Chapter X, we have discussed the general principles 
of correspondence of points of two different planes, or of 
the same plane, as a whole. In this Chapter, we shall 
discuss the correspondence of points on the same curve, 
or on different curves. 


The simplest of such correspondences is illustrated by 
the homographic systems of lines and conics, the essentials 
of which are to be found in all treatises on conic sections.* 
In fact, there is a (1, 1) correspondence between the elements 
of two bases defined by the bilinear relation 


AAX' + BAON + D=0 


where A and A’ are the parameters of the corresponding 
elements. 


When the two bases are superimposed, we obtain a 
correspondence between points of the same base, special 
cases of which are studied under the name IJnvolutzon 
ranges or pencils. 


Chasles extended and discussed the theory as applied 
to unicursal curves; but the theory is applicable to 
all curves generally, and we shall presently consider the 
general principles of correspondence of points on the same 
curve. 


Let P and P’ be two points on the same curve, such that 
to any position of P there correspond 7’ positions of P’, and 
to a given position of P’, r positions of P. Then the points 
of the curve are said to have an (r, 7’) correspondence. 
If +=7'=1, the correspondence is (1, 1), and rational. 


* Scott—Modern An. Geo., §§ 192-196. 
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The correspondence * between points of a curve may be 
instituted in various ways, as the following illustrations 
will show: 


(1) The points of a conic may be put into a (1, 1) corres- 
pondence, if the points collinear with a given point in its 
plane is made to correspond, the points forming an involn- 
tion range on the conic. 


(2) Any radius vector through a fixed origin O 
meets a curve of order n in n points P, P,, P,, P,,...P.-,. If 
P’ denotes any one of the points P,, P,,...P._,, we may say 
that to a given position of P there correspond (n—1) posi- 
tions of P’, and conversely, to any position of P’ there are 
(n—1) positions of P. Hence there is an (n—1, n—1) 
correspondence. 


This will be a rational correspondence, if n=2 (Case 1), 
a particular case of which is afforded by the ciroular 
inversion §§ 15 & 217. 


* The principles of correspondence for points in a line was 
established by Chasles in his paperinthe Comptes rendus, June-July 
1864. But prior to bhim De Jonquières considered the principle in 
1860—"‘ L'æuvre mathematique d'Ernest de Jonquières.” It has been 
extended to unicursal curves by Chasles in a paper of his—Sur les courbes 
planes ou à double courbure dont les points peuvent se déterminer indivi- 
duallement—Application du principle de correspondence dans la theorie 
de ces courbes’’—Comptes rendus, Vol. 62 (1866), p. 534. Cayley referred 
to the principle—Comptes rendus, Vol, 62 (1866), but gave a discussion 
in his memoir—On the correspondence of two points ona curve (Coll. Works, 
Vol. 6, p. 9), where he discussed only a particular case. Finally be gave 
a number of applications in bis paper—Second Memoir on the Curves 
which satisfy given conditions—Coll. Works, Vol. 6, pp. 263-271. But an 
algebraic demonstration of a more general formula has been given by 
Brill—“‘ Ueber Entsprechen von Punktsystemen auf einer Curve’'—Math, 
Ann., Bd. 6 (1873), p. 33, and a geometrical treatment in his paper— 
“Ueber die Correspondenzformel””—Math. Ann., Bd. 7 (1874), p. 607. 
Lindemann has given a demonstration of the principle with the help 
of Abelian integrals—Crelle, Bd. 84 (1878), p. 301. See also a paper 
by G. Loria— Bibl. Math. (3) 3 (1902), p. 285. 
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When the origin O lies on the curve, there will be an 
(n—2, n—2) correspondence; and in general, if O is an 
r-ple point on the curve, there is an (n—r—1, n—r—~1) 
corresp ondence, t.e., corresponding to any position of P there 
are (n—r—1) positions of P’, and vice versa. 

It is to be noted that a (1, 1) correspondence is possible 
for a cubic or a quartic with a node, but it is not always 
possible. 


247. In the preceding illustrations, the correspondence 
is symmetrical, z.e., from either given point the other is 
obtained by the same construction. But there are corres- 
pondences which are not so symmetrical. The following 
illustrations will clearly explain what we mean: 


(1) There may be instituted a (1, 2) correspondence 
between the points of a conic as follows :— 


Let O be a point on the conic S and p a line in the same 
plane. A radius vector through O will meet the conic in 
a point P and the line in a point Q. The polar line of Q 
will meet S in two points P, and P,. Thus there is an 
(1, 2) correspondence between P and P,, P, (P’). 


(2) The tangent at any point P of an n-tc meets the 
curve in (n—2) other points, so that to any position 
of P there correspond n—2 positions of P’. But if P’ is 
given, P may be any one of the points of contact of the 
(m—2) tangents which can be drawn from P’ to the curve, 
m being the class. Thus to any given position of P’ there 
are m—2 positions of P, and there is consequently an 
(m—2, n—2) correspondence. 


9248, ANALYTICAL DISCUSSION: 


The preceding examples show that a geometrical construc- 
tion can be given for determining a correspondence on a given 
curve f=0. 


An algebraic correspondence (l, k) between the points 
P, P’ of two curves, or of the same curve, is defined by a 
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system of algebraic equations between the co-ordinates of 
P and P’, such that when P is given, there are k points P’, 
and when P’ is given, there are! points P. In fact the 
corresponding points are obtained as the intersections of 
a certain curve © with f=0. In the above illustrations 
this curve ® was taken to be a right line. It may again 
happen that some of the intersections P’ coincide with the 
given point P, and these points must then be excluded. 


Let the equation of the curve © be given in the form 
© [(2, Y, 2)! p GE, Yy’, z) J]=0 


which contains (v, y, 2) in degree J and («’,y’, 2’) in degree k. 

If P(a,y,z) be given, this equation represents a 
curve @, of order k in (c’, y’ z’); and if P’(2’, y’, 2’) be given, 
a curve @, of order ? in (x,y,z). The two curves ©, 
and @, intersect the given curve f=0 in In and kn points 
respectively, and therefore we obtain a (ln, kn) correspondence. 
If, however, the curve ©, for a given point (2’, y’, 2’) passes 
through the same, that point is to be excluded, so that if a 
intersections of ©, with f coincide at P’(2’, y’, z'), the number 
of remaining intersections P is In—a, Similarly, if the 
curve ®©, for any given point (x,y,z) meets f=0 in £ 
points coinciding with (æ, y, z), there are kn—B remaining 
intersections P’, Thus we obtain a (In—a, kn—8) corres- 
pondence, and we denote it by (In—a, kn—B). 


Ev. In Ev. 2 § 246, we have l=k=1, alsoa=S=1, and the 
correspondence is (n—1, n—1). 

In Ex. 2 § 247 ln=m, k=1, a=8=2, and the correspondence is 
(m—2, n—2). 


249. Uwnitep Points: 


As in the case of general correspondence, we have 
elements coinciding with its correspondents, so in this 
particular case, a point may correspond to itself, and is 
then called a united point. For example, in the case of 
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involution range of points on a conic (Fz. 1 § 246), the points 
of contact of the tangents drawn from the fixed point O 
to the conic are united points. In general, if the corres- 
ponding points are collinear with a fixed point, the united 
points are the points of contact of the tangents drawn from 
the fixed point to the curve. Hence the number of such 
points is equal to the class of the curve, 


Prof. Cayley * explained by means of a number of 
illustrations the general formula for finding the united 
points without any formal proof. But later on Brill t gave 
a formal accurate proof of the formula. 

In the equation of § 248, if we put «=.2', yoy’, z=2’, 
we obtain an equation ©,,,=0 of order l+k, which now 
represents a curve of order l+ k passing through all those 
points for which ©, passes through (x, y, z), and @, passes 
through (2’, y’, 2’). Thus the curve @©,,,=0 intersects the 
curve f=0 at the united points. Therefore, the correspon- 
dence (ln, kn)=(a,b) has (l+k)n=In+hkn=a+bd united 
points as given by Chasles. 


If, however, ©, meets fin one or more points (a) coin- 
cident at (x, y, z), and ©, meets f in one or more points (£) 
coincident at (2’, y’, z’), which, of course, happens, when 
they are singular points on f, these a and @ points are 
not to be included in the number of united points, and the 
order of multiplicity in a and @ diminishes the number of 
such points. 


In the preceding examples, a=8=1, and the formula 
holds for rational curves. In fact, when a=, the investi- 
gation becomes much simplified and the correspondence 


* Oayley—‘ Note sur la correspondence, etc.” Comp. Rend. Ac. Sc. 
Paris (1866), Vol. 62, pp. 586-590, also “ Correspondence of two points 
on a ourve °— Coll. Works, Vol. 6, pp. 9-13. 


t Brill—Ueber Entsprechen von Punktsystemen anf einer Ourve— 
Math. Ann. Bd. 6 (1873), pp. 33-65, aud “Ueber die correspondenz- 
formel ''—Math. Ann, Bd. 7 (1874), pp. 607-622. 
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depends upon the value of a, and is then denoted by the 
symbol (ln—a, kn—a),. 

In the example (1) of § 247, there are three united 
points, namely, the points M,, M,, where p cuts the conic 
and the point O. 

Again, P, may coincide with O, while P, is distinct, or 
both P,, P, may coincide with M,, M,; but this does not 
stipulate any higher species of united points, as has been 
shown by Cayley in the general case.* 


250. CHASLES’ CORRESPONDENCE THEOREM: 


Let Cn and Cn’ be two curves of orders n and n’ 
respectively, such that there is a (1, 1) correspondence 
between them, t.e., to each point P of C, there corresponds 
one and only one point P’ of Cn’, and vice versa. Let us 
first determine the class of the envelope of PP’, or in other 
words, let us see how many of the lines, such as PP’, pass 
through any point (0, 0, 1) for example. 

Consider a line p through the vertex O (0, 0, 1) which 
intersects C, in points, corresponding to which there are 
n points on Cn’, The n lines joining O to these n points 
on Cn’ are given by an equation of the form— 


p, =a, "ta syt... +a,4"°=0 


Any other line g through O will similarly correspond to n 
lines determined by the equation— 


ET e T EE a a a a E AN 


The pencil of lines p+Aq=0, which, for simplicity, may 
be taken identical with x+Ay=0, then determines an 
involution pencil of order n, 


pa +A’, =0 (1) 


# Cayley—Second} memoir on curves ,which satisfy given oondi- 
tions—tbe principles of correspondence—Coll. Works, Vol. 6(1868), p. 265, 
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Similarly, considering the intersections of the lines p 

and q with Cn’. we obtain an involution pencil of order 1’, 

Yn +AW'n’ =O (2) 

where fn’ and y'n’ are binary expressions of order 1’, similar 
to d, and q’,,. 

The two involutions (1) and (2) are then projective and 
have the same vertex. The double or self-corresponding 
elements are obtained by eliminating à between (1) and (2) 
in the form 

pyw =P! Wr! (3) 
The equation (3) is of order n+’, and therefore gives nn’ 
self-corresponding rays of the two pencils, whence the 
class of the envelope of PP’ is determined. 


The above considerations hold for two ranges of points 
as well, and we obtain Chasles’ Correspondence Theorem : 


If there are two superimposed systems of elements, such 
that to each element of the first system correspond n ele- 
ments of the second, and to each element of the second, 1’ 
elements of the first, then there are n+n’ self-corresponding 
elements ; or in other words : 


In an (n, n') correspondence on the same base, there are 
n+n' double elements, as we have otherwise determined 
in the preceding article. 


251. CORRESPONDENCE INDEX OR CHARACTERISTIC : 


Let A and A’ be any two points in the plane of the 
n-tc f=0, and draw a line p joining A to any point P 
(æ, y,z) on f=0. Determine the points P’ (+, y’, 2’) 
on f which correspond to P, and to all other points where the 
line p meets the n-zc, and join these points to A’ by means 
of lines p’. Then the locus of intersection of the corres- 
ponding lines p and p’ is a curve ©, which can as well be 
obtained if we start with a point P’ (0’, y’, z). This curve © 
then meets the curve f=0 at the united. points. If a united 
points coincide at each point P(e, y, z), © must pass 


40 
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through these points, and must contain f as part a times. 
Therefore, to each line p' the line p corresponds a times, 
and these a-ple line p passes through P’ (2’, y’, z'). Hence 
we have a=f (§ 248). 

But since A and A’ may be any points in the plane, we 
require only to determine how many of the points («’, y’, =’), 
common to ¢, and f, coincide at (x,y,z). The number a 
of these points is called the “index” of the correspondence 


which is denoted by— 


(In—a,hn—a),, or, (a—a, b—«a),. 


252. Common ELEMENTS OF Two CORRESPONDENCES : 
Let us consider on the curve f=0 the two correspondences 
pŒ(a, L) and ¢=(a, bd’), 

in both of which the correspondence index or characteristic 
is zero. Weshall now determine the pairs of points (., y, z), 
(z', y’, 2’) on f, which simultaneously satisfy the two corres- 
pondences, z.e., we shall find the number of points of the 
two correspondences which correspond to the same point 
(e,,4Y,,2,)0n f. This number is determined by the intersec- 


tions of f with a certain curve y. 


To determine the order of the curve y, we count the 
number of points in which any line L will intersect it. 
In virtue of the second correspondence ¢’, to any point 
(x,y,z) of this line there correspond b points (a,, ¥,, 21) 
on f, which are obtained by its intersection with a curve ©,’. 
To each of these b points correspond, in virtue of the first 
correspondence ¢, b'l points (4", y’, z’) on L given by the curve 
©,. To each of these points again correspond in the same way 
ak points (r, y,z) on L. Consequently, on the line L we have 
a (b'l, a'k) correspondence of points (a, y, z) and (.’, y’, z’). 
The order of the curve y, which may be considered as 
generated by two pencils of lines, is consequently (b'l+a'k). 

Hence, wy intersects f=0 in xn(b'l+a'k)=ab’+a'h 
common points (z, y,z) and (x’, y’, 2’), or, ab’+a’b pairs of 
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points (e, y. z), (æ, y’,2'), which satisfy both the 
correspondences. The same result may be obtained in a 
different manner as follows : 


To each point (w’', y’, 2’) of the ‘plane correspond the 

il’ points of intersection (w, y, z) of the curves @,=0 and 

’,'=0 belonging to the two correspondences, Similarly, to 
each point (., y, z) there are kk’ points («’, y', 2’). If («’, y’, 2’) 
moves along a line, the Jl’ correspondents (w, y, z) move along 
a curve of order (k'l+4l'), Consequently, if (2’, y’,2’) des- 
cribes the curve f, (¢, y, z) describes a curve of order 
nfk lkl). 

Each point of intersection (w. y. =) of this curve with f 
together with a point («’, y', 2’) on f will give the required 
pair of points. The number of such pairs satisfying both 
the correspondences (a, b), (a', b') on f is, therefore, equal to 


n? (kl HRU) =(nkunl +nk', nl)=a'b + ab". 


If, however, the points (x,y,z) and (w', y’, 2’) are 
symmetrical with regard to both the correspondences, t.e., 
if a=b, a'=b', we shall, as before, obtain the same curve of 
order a(k +kl) Each point of intersection with f will 
be taken twice to give a coupie. The number of pairs 
therefore will be equal to half the number, č.e., l= aa'=bb'. 


Ez. Let P=0 and Q=0 be the equations of two points. Then 
P+AQ=0 and P+uQ=0 


represent two points on the line joining P and Q. If there is a (1, 1) 
correspondence between the points, it is expressed by 


O(A, p)=aàu + bA+cu+d=0 (1L) 
We may have a second (1, 1) correspondence on the same line given by 
@’(A, uw’) =alAw’ 4 DAF cw’ +d =U (2) 


These two correspondences © and 0’ must have then, by the theorem, 
1.8+1.1=2 common pairs. The same value of A will make w=y,’, if 


dA+c bA +d = 


arte VAHU | 
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This is a quadratic in A and therefore gives two values A, and A, of A 
for which =p". IfA is eliminated between © and ©’, we obtain a 
bilinear relation hetween u and yw’, of the form : 


aua tb Cute |=.) 

i 
aub pta | 

Hence, u, u’ determiue a (1, 1) correspondence. If we put n=u’, we 


obtain a quadratic equation giving the united points of this corres- 
pondence. It easily follows then that the common pairs are given by 


Ay Bay Àa ‘ho 


253. If one or both the correspondences have a point 
where one or more corresponding points coincide, then to 
determine the common points (e, y, 2), (2, y',z') of the 
correspondences, the number ab’+a’'b must be reduced. 


Consider the correspondences— 
pæ(a, b), and d'm(a'—y’, b'—y')¥ 


In this case the formula of the preceding article holds, 
if only distinct pairs of points are taken into account. 
Hence the number must be reduced by the number of coinci- 
dent corresponding points, but such coincidence takes place 
y'-times only at the united points of ¢, at each of which @’ 
has always a y-point, and consequently it is equivalent to 
y(atb). 

The number of distinct pairs of points which satisfy 
simultaneously the two correspondences is then equal to 


ab’ +a'b—y'(a+b) =a(b’—y') + 0(a’—y’) 
254. We shall now consider the two correspondences 
of indices y and y' respectively, t.e., 
p= (a—y, b—y)., p2(u—y, b'—y')y’. 


Let us deform the correspondence œ’ a little into a new 
correspondence $, =(u’, 1’),, so that the present case is 
reduced to the preceding one. The correspondence ¢, has no 
Y-point at (v)=(«') but gives, on the other hand, on f 
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a series of y points contiguous to all points 2’ oraz, The 
number of pairs of points common to the two correspondences 
$, and ¢ is, by the preceding article, equal to 
ab’ +a'b—y(a'+b') 

Among these pairs, there are those consisting of two still 
more contiguous points wv, «’, which will coincide, and indi- 
cate a further reduction, when ¢, is again deformed to @’. 

Let the point («') move on f, then the y points (w) of 
p, become contiguous to it. But if (x) moves up to coinci- 
dence with a similar united point («,) of ¢, then also the 
series of points on ¢, moves up to coincidence with (r,), and 
finally coincides with it, and then moves away, as (w’) 
proceeds further. 

Hence we conclude that the common pairs of points 


of ġ and @¢’ will be obtained by deforming œ, back to 
¢', each of the N united points of ¢ will occur y' times. 


Therefore the number N of all the distinct common pairs 
of @ nd ¢' is given by— 
=ab'+a'b—y(a'+b')—y'N 
Similarly, by deforming $ to ¢,, we obtain—- 
N=a'b+ab'—y'(a+b)—yN’ 
where N' denotes the number of united points of the corres- 
pondence g’. 
By identifying these two expressions, we obtain 
NSO Sy) a a tae lead =M (say) 
Y Y 
which is independent of the intermediate correspondence. 


Therefore M depends on f, and in fact, on its deficiency ancl 
is to be determuned by considering a special case. 


255. Caryurcy-Britus CORRESPONDENCE FORMULA? 


Let us take the correspondence between the point of 
contact (.:’) of a tangent tothe curve f=0 and the (n—2) 


other points (.«) where the tangent meets f. In this case 
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the number of united points is evidently equal tu the number 
of points of inflexion of f, i.e., 3n(n—2) 


and azn, b=n(n—1), y=2 


_ 3n(in— 2) — (n—2)—{n(n—1)—2} 


~ M =(u — l)n —2}= 2p 


where p is the deficiency. 


Hence we obtain the correspondence for mula for united 
points of ¢: N=(a—y)+(0—y) +2yp.* 

Thus, for the correspondence ¢™(a, £8), the number of 
united points on a curve f of deficiency p (assuming there 
are only double points, etc.) is given hy — 

N=a+B-+2yp t 

This is known as Cayley-Brill’s Correspondence Formula, 
and it is easily seen that Chasles’ Formula holds when either 
y or p or both are zero. 


If we substitute this value of N in one of the formulae 
for N, we obtain for the common united pairs WN of 
the two correspondences— 


pu(a—y,b-y), P= y, bY) 
N=ab'+a'b—y(a'+b')—y'N 
=ab'+a'b—y(a' +b')—y'{(a—y) + (b—y) +2 yp} 
=(a—y)(U—y') + (6—-y) (ay) —2pyy’ 
—af' +a'B—2yy'p. 


* For a complete discussion of the united points, etc., the student 
is referred to Clebsch—Lecgons sur la Geometrie, Vol. II, Chip. 1, 
pp. 146-188. 


t This formula was first given by Cayley—Comp. Rend., Vol. 62 
(1866), p. 586, and Proc. Lond. Math. Soc., Vol. 1 (1866), p. 1, and was 
later on proved by Brill—Math. Ann. Bd. 6(1873), p. 33, Bd. 7(1874), 
p. 607. Several other proofs, etc., were given by Bobek, Segre, 
Lindemann, Zeuthen, etc. See also Severi—Torino Mem., Vol. 50 (2) 
(1901), p. 82, Vol. 54(2) (1903), p. 1, and Torino Atti, Vol. 38 (1903), 
p. 158. 
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where a=a—y, B=b—-y. a=a'—y, B=b'—y. 


Hence the common united pairs of the two correspon- 
dences ġ = (a, B) „and d =(a', B)y is aß' +a B—2yy'p. 


The case of any number of algebraic correspondences on 
an algebraic curve was discussed by Hurwitz in Math. Ann, 
Bd. 28 (1887), p. 561. The same was discussed and results 
geometrically interpreted by C. Rosati--Sulle corresponden:e 
algebriche fra i punti di una curva algebrica—Rendiconti 
della R. Accademia dei Lincei, Vol. 22 (1913), and Annah 
di matematica, Vol, 25(3) (1916), pp. 1-32. 


256, APPLICATIONS OF THE FORMULA: 
(1) The Class of a Curve : 


Let the corresponding points be collinear with a fixed 
point O. Then the united points are the points of contact 
of the tangents through O, t.e., the number of united points 
is equal to the class of the curve. There is an (n—l, n—1) 
correspondence, and y=1l. Here the cusps also occur as 
united points. For, it seems that the line joining O toa 
node or a cusp, meets the curve at two points there, but 
in the case of a node the two pointe belong to different 
branches and are not consecutive, while at a cusp they are 
consecutive. Hence the line drawn through a node is not 
a tangent, while that through a cusp is a tangent only in a 
restricted sense. Thus, the cusps, in a restricted sense and 
not the nodes, are united points. If there are « cusps 
and m denotes the class, the united points are m+x« in 
number, and by the present theorem, we have 


N=mt+x«=2(n—1) + 2p 
~ m=2(n—1)—2p—« 
=n(n—1)—26—3x. (§ 121) 
In the case of a unicursal curve, we have— 
N=m+x«=2(n—1). 
~ m=2(n—L—x«. 
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(2) Inflexvons. 

Let P correspond to its tangential point P’ (see Ex. 2, 
§ 247). Here the proper united points are the inflexions, 
and cusps are such in a special sense. There is an 
(m—2, n—2) correspondence, so that 


a=m—2%, B=n—2 and y=z2, 


since the lire © meets f in two points at P. 


If there are ı inflexions and « cusps, 
t+x=(m—2)+in—2)+2.2.p 
=(m+n—4) +4. 
Putting 2p=m—2n+24+«x, we get i=3(m—n)+x. (§ 149). 


In the case of a unicursal curve, we have the number of 
united points equal to N=t+xk=m+n—4 


t—=m+n—4—«k 


Ex. A conic may have a five-pointic contact at any point P of a 
cubic. This conic therefore meets the cubic in another point P’. 
Between P and P’ there is then a (1, w); correspondence, where w is 
the number of conics drawn through P’ having five-pointic contact 


elsewhere. 


The united points of this correspondence will be those where 


a conic has a six-pointic contact. These are called “-ewtactic” points. 


Now, in the case of a non-singular cubic curve, the number of 
sextactic points, as we shall show later on, is 27. Thus with the help 
of the correspondence formula we may find the value of w. Here p=1. 


Y. 27=1l+a42-5.1 or w=16. 
We thus obtain the theorem : 


Through any point of a non-singular cubic siateen conics can be drawn 


which will have five-pointic contact with the cubic elsewhere. 


CHAPTER XIII 
HIGHER SINGULARITIES ON CURVES. 


257. The theory of singularities on plane curves was first 
studied by Pliicker in his great work the Theorte der 
Algebratschen Curven (1839), in which he considered some of 
the higher singularities. But the importance of the analysis 
of higher singularities has been recognised from the time 
of Cramer.* The subject has been studied by Cayley,t 
Halphen,t H. J. Smith,§ Brill and WNoether.|| Finally, 
Scott, in her well-known paper, gave a number of highly 
interesting geometrical methods of dissolving higher singular 
points on curves by means of a number of simple 
illustrations. Other workers on the subject are Bertini, 
Zeuthen, Segre, Cremona, etc. 


In Chapter VII we have discussed the six equations of 
Pliicker with regard to the nodes, cusps, etc., which are 
termed “ordinary singularities” of curves. Butthere are 
other kinds of singular points of a complex nature which 
are called “higher singularities,” as distinguished from 
the ordinary singularities. 


* Cramer—Introduction à ]’analyse des lignes Courbes, Genève (1705). 


+ Cayley—On the Higher Singularities of a Plane Curve—Quarterly 
Journal of Mathematics, Vol. VII (1866), pp. 212-22. 


t Halphen—Com ptes Rendus, Vol. 78 (1874), p. 1105, and Vol. 80 
(1875), p. 638. 


§ H. J. Smith—On the Higher Singularities of Plane Curves.—Proc. 
of the London Math, Soc., Vol. VI (1873-74), p. 153. 


\| Bril & Noether—A number of papers published in the Mathe- 
matischen Annalen, Bd. IX (1876), XVI (1880), XXII (1884). 


 Scott—On the Higher Singularities of Plane Carves—American 
Journal of Mathematics, Vol, XIV (1892), pp. 301-325. 
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In this Chapter we shall discuss the nature of different 
species of singularities and their effects on Pliicker’s 
numbers. 


258. Species or Ctsps: 


We have seen in § 48 that the cuspidal tangent touches 
at the cusp both the branches which, however, may lie on 
the same side or opposite sides of the tangent. Cusps are 
accordingly divided into two species, as shown in the accom- 
panying figures. 

Case I: The two branches AP, AQ of the curve touch 

Š the tangent AT at A and lie on opposite 
sides of it. A is then called a cusp of 
the first species, or, a keratoid cusp (i.e. 
cusp like a korn). 


Case II: The two branches touch the tangent AT on the 
same side. This is called a cusp 


E” -a of the second species, or a Ramphoid 


cusp (2.e., cusp like a beak). 


Es. Consider the nature of the origin on the curve (y~—2?)=a° 


Any positive values of œ give real values of y. Writing the equation 


in the form y=2? +a, it is seen that the values of y will be 
positive for small values of w, whether the upper or lower sign is taken, 
since the second term ig less than the preceding when s is small. 


The w-axis is a tangent and the two branches lie on the upper side. 
The origin is therefore a ramphoid cusp. 


The analytical triangle gives the approximate form near the origin 
as that of the curves (y—z?)*=0, which represent two coincident 
parabolas for the two branches. For a second approximation another 
term is taken into account and the branches are given by— 


s 
y= 2? + @2 
The axis of # touches both the branches and, in fact, has four-pointic 


contact with the curve. Itis regarded as equivalent to four tangents 
that can be drawn from the origin to the curve. 
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259. DousLe Couses: 


It may also happen that the two branches of the curve, 
instead of extending towards one extremity of the tangent, 
extend towards both extremities, as shown in the adjoining 
diagrams. In these cases, there is a double cusp, which 1s 


© 







ea oa et D 


ec 


formed by the two branches of a curve touching at the point. 
Prof. Cayley calls it a tacnode. This point is indeed a 
distinct singularity, different in nature from ordinary 
singularities; because the tangent at such a point has in 


fact four points along the curve, d 
namely, two points on each branch. KOK 
These may arise when a, curve F y 


consists of two curves ¢ and y of lower orders, touching each 
other at a number of points A, B, etc. 


It may forther happen that a double-cusp is of the first 
species towards one extremity and of the second species on 
the opposite extremity of the tangent. When the cusp is of 
different species towards opposite extremities of the tangent, 
Cramer calls the point a point of oscul-inflexton. 


In this case, the point is a point of inflexion on one 

branch of the curve. It is evident 

» then that all these properly belong to 

— the class of higher singularities 
which we proceed to consider pre- 


sently. 
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Ee. Consider the curve y? +20 2y+07=0 
The curve is not symmetrical about either axis. It passes through 
the origin, but does not cut the axis again. 





Evidently, there isa cusp at the origin with y=0 as the cuspidal 
tangent; and in fact, there is a double-cusp at the origin, which is 
of the first species on the negative side of the y-axis and of the second 
species on the positive side. The point is an oscul-inflexion, and its 
shape is shown in the diagram, 


260. CLASSIFICATION OF TRIPLE POINTS: 


Triple points are classified into two main divisions 
according as the three tangents are—(a) all real, (b) one real 


> Z 
(3) 


and two imaginary. The class of three real tangents may 
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again be subdivided into three species, according as the 
tangents are (1) all three distinct, (2) two coincident, 
(3) all three coincident. Thus there are in all four species of 
triple points. Buta triple point may be regarded as arising 
from the union of three double points. The accompanying 
figures show the penultimate forms of these points and how 
these double points are about to unite to form the triple 
point in the different cases. It is formed by the union of 
three crunodes in the first case, two crunodes and a cusp in 
the second, and a crunode and two cusps in the third case. 
In this last case, however, the point does not visibly differ 
from an ordinary point on the curve. 


In the case (b), the triple point is formed by the union 
of an acnode with an ordinary point of a curve, z.e., a real 
branch of the curve passes through an acnode, and the 
singular point does not appear to differ from any ordinary 
point on the curve. 


261. EQUIVALENT SINGULARITIES : 


Prof. Cayley has shown that any higher singularity 
whatever may be regarded as equivalent, in a perfectly 
definite manner, to a certain number of the simple singulari- 
ties—the node, the ordinary cusp, the double tangent, and 
the inflexion. It must be noted, however, as Halphen has 
shown, that this equivalence is possible under certain 
conditions and within certain limits. We therefore 
require to determine how for any given singularity the 
values of these numbers are to be ascertained, so as to 
produce the same deficiency and the same effect on the 
class of the curve as the singularity in question. When 
this is done, we shall have to see how Pliicker’s equations 
are to be applicable to any singularities whatever of a plane 
curve. There are, in general, two principal methods of 
studying the subject—(1) by successive quadric transfor- 
mations,—(2) by expansions. We shall in this Chapter 
explain the essentials of both these processes, one after 
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the other; but it is convenient at the outset to exhibit 
he effect of such singularities by means of a simple 
llustration. 


Ev. Consider the curve o'+y*—47?y+y?=0 

The curve belongs to the class represented in § 190 and possesses 
a tacnode at the origin. The class of the curve can be determined by 
counting the number of tangents passing through any point, the point 
at infinity on the axis of v, for example. If the tangent at the origin 
is regarded as a tangent to the two branches, and each proper bitangent 
is counted as two, the class is found to be 8, But the class of a curve 
of order 4 is, in general, 12. 

This diminution of 4 tangents is due to the presence of a higher 
singularity at the origin, and the effect is the same as due to the 
presence of two nodes, which unite to give rise to the tacnode, assuming, 
of course, there is no other singular point. 


Two proper bitangents coincide with the tangent at the origin, and 
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there are six other bitangents. Hence the origin is not an ordinary 
singularity, nor the z-axis an ordinary singular tangent. In fact, the 
origin is a singular point both in point and line singularities. 


That the class is reduced by 4 can also be seen from the fact that the 
first polar of any point meets both the branches in two points coin- 
ciding with the origin. 


262. ANALYSIS OF HIGHER SINGULARITIES : 


The principles of the theory of analysis of higher 
singularities of a plane curve are contained in the following 
theorem : 


Every irreducible algebraic curve can be transformed by a 
birational transformation into one having no singularities except 
double points with distinct tangents. 
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Several proofs * of this fundamental theorem have been 
given by different mathematicians since the time of 
Kronecker who was the first to state the theorem, although 
in a slightly different form. G. A. Bliss of Chicago in a 
paper comments on the different proofs, and holds that the 
proofs given by Hensel-Landsberg and Walker are to be 
regarded as the best, although both of them are complicated 
and lengthy. Bliss in another paper.t however, gives a 
proof which he claims to be simpler than any of its pre- 
decessors and is an extension of the method of Kronecker. 


Prior to all this, Nother $ gave the following theorem : 


Each irreducible algebraic plane curve can be transformed 
into another which possesses only ordinary singularities, 
t.e., multiple points with distinct tangents, by a series of 
quadric transformations of the plane, 7.e., by Cremona 
transformations. 


That the number of these transformations is finite has 
been shown by Hamburger,§ while Bertini || gave a geometri- 
cal proof. 


* Kronecker—Crelle, Bd. 91 (1881), p. 301. Hensel-Landsberg— 
Theorie der algebraischen Fanctionen, § 2, p. 402. Also Hensel— 
Encyolopadie der mathematischen Wissenschaften If. c. 5, § 25. 
Halphen—Comptes Rendus, Vol. 80 (1875), p. 638, and also J. de 
Math, Bd. 2 (3) (1876), p. 87. Bertini—Rivista di Matematica, Vol. I 
(1891), p. 22, or Math. Ann, Bd. 44 (1894), p. 158. Walker—On the 
resolution of higher singularities of algebraic curves into ordinary 
nodes— Dissertation, Chicago (1906). G.A. Bliss—The reducticn of 
singularities of plane curves by birational transformation—Bull. of the 
Am. Math. Soc., Vol. 29 (1923), pp. 161-183. 


t G. A. Blias-—“ Birational transformation simplifying singularities 
of algebraic curves ’—Trans. of the Am. Math. Soc., Vol. 24 (1922). 

t Néther—Gottingen Nachrichten (1871), p. 267, also Math. Ann, 
Bd. 9 (1876), p. 166, and Bd. 23 (1884), p. 311. 


§ Hamburger—dZeitschrift fiir Mathematik und Physik—Bd. 16 
(1871), p. 461. 


|| Bertini— Reale Istituto Lombardo di Scienze e Lettere—Rendiconti 
(Millano), Vol. 21 (2) (1888), pp. 326, 413. 
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263. SUCCESSIVE TRANSFORMATIONS : 


In order to resolve a k-ple point A on the curve f=0 
we take A and any two other points B and C as the vertices 
of the fundamental triangle of a quadric transformation. 
Then the transform f' has at the fundamental points A’, B’, 
C’ of the transformed plane ordinary multiple points, while 
the singularities of f, other than A, are transformed 
into multiple points of f’ of the same order and form as 
the original (§ 214). If some of the k-tangents at A coincide 
in the lines ¢,, fa, ¢3,..., then there is on the line B’C’ an 
equal number of points A’,, A’,,... (other than B'or C’) 
which are multiple points on f' of orders (say) k,, kas ks,..., 
such that ktk, +h,+...<k. These points, however, 
can all of them unite to form a single k-ple point A’. 
Again, we apply on f’ another quadric transformation with 
one fundamental point at A’, and soon. By a finite number 
of such operations, we may obtainfrom A multiple points 
of lower orders ; and finally a curve ¢ will be obtained on 
which the points corresponding to A are all ordinary points. 
The ordinary multiple points of orders k,, k,,k,,...1indefinite- 
ly adjacent to the k-ple point A on the tangents ¢,, bas ¢s,.. 
are Said to form the ‘‘ nezghbourhood”’ of the first order on f. 
In a similar manner, the neighbourhood of the second order 
is formed by the points of orders k,,, %,., Kais Ky g,...which 
are indefinitely adjacent to A’,, A’,, A’,... onf’, and so on. 


The numbers k, k,, k,,,...obtained by the coincidence of 
multiple points depend on the succeeding but not on the 
preceding transformations. 


264. Cramer used the form y=v.« * in particular cases, 
and showed that certain singularities with coincident 
tangents occur as final forms of singularities with distinct 


* Newton calls the curve obtained by the transformation y=oy a 
hyperbolism of the original curve—Enumeratio linearum tertii Ordinis 
(1706). Cramer uses the same transformation—Analyse des Lignes 
Courbes (1750). 
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tangents involving a number of ultimately vanishing loops. 
Thus the cusp appears as a node with a vanishing loop. 
Noether * also uses the same form in developing the analyti- 
cal theory without any reference to geometry, which 
consequently fails to show clearly the existence of the 
various elements of the compound singularities. This defect 
is, however, removed by using the geometrical method of 
Quadric Inversion. 


Ee. Consider the singularity at the origin on the curve 
2° =az* + bey +ca*y? + day? + ey* (1) 
Cramer (p. 636) uses the transformation üs u®) in the form 
=v, yYy=®;Y; 


This gives a new curve œ, =a +by, +cy,? +tdy,? +ey,* (2) 


Referring both the curves to the same axes, corresponding points can 
be easily constructed. The curve (2) meets the axis of y where 2, =O, 
and consequently from equation (1) we obtain y*=0, which gives the 
four correspondents of the points where w, =O meets (2), i.e., an arc of 
(2) cut off by w, =0 corresponds to a loop of (1) closed at the origin. 
If, however, the four values of y, obtained from (2) are equal, the 
curve (2) has a “‘ serpentement’’ of the appearance of ordinary contact, 
and (1) has the appearance of a simple cusp at the origin, which 
contains three vanishing loops and is really a quadruple point. 


265, PRACTICAL APPLICATIONS : 


We shall now show by means of a few illustrative 
examples how, by the use of successive quadric transforma- 
tions, a compound singularity may be resolved into ordinary 
singular points with distinct tangents. For further 
information and details, the student is referred to the 
original papers on the subject quoted before. 


Ev. 1. Discuss the nature of the singularity at the point O(a, y) 
on tbe curve y?z=o* 


4? +f 


Apply the transformation 2»: y : z=8'z' : yz : a’? (§ 218) 


* Noether—Math. Ann. Bd. 9 (1876), pp. 166-182. 
42 
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The transformed curve becomes}z’*y/%2'/3 = a/tz’*, and consequently 
the proper inverse is y’*=@'%2’, and the singular point C is now 
transformed to O'(y’, 2’). 





The nature of the point O’, by writing #’=1 in the equation of the 
transform is obtained from the equation y’5 <2’ 

Thus there is an inflexion at C’ on the transformed curve, with the 
line 2‘(AB) as the tangent. Therefore the singularity at C on the 
original curve is a triple point (§223). 


Ea, 2. Consider the curve y? =g5, 

Applying Nother’s transformation ¢=2,, y=@,y,, the transformed 
curve is y,’ =e? 

The transformation 3, =2., y,=2,y, gives for the second transform 
y”>,=@,, which is a parabola and is unicursal. Consequently the 
original curve is also unicursal. In fact, the first transform (2,*=y,*) 
has a cusp at (2,, y,) with y, =O for the tangent. Hence the singula- 
rity at (#, y) is a complex singularity with two inflexions and a cusp at 


the origin, and there is an inflexion at infinity. 


Ea. 3. The curve y°=2* has a triple point at the origin having an 
apparent appearance of a point of inflexion. This can be shown by 
applying two transformations successively. Thus #=2,, y=2,y, 
gives y,°=2,", which again by the transformation y,=y,, 9, =2,Y, 
is reduced to 4,*=y, which is a parabola with the tangent y, =O 
(see the figure, Ee, 1 § 219). 


Es. 4. Take the ourve @t=æy', 


This curve has a compound singularity at the point O(z, y). The 
first transform (@=8,y,, y=y,) is @,*y,*=y,’, 4.6, @,*=y,.° 
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Here y,=0 ıs the tangent at the triple point (2,,y,). Hence 
we put 2,=¢,, Y, ™Y,®ı, anc the second transform is y,? =8,, LE., 
the point (,, y4) is a point of inflexion, and consequently (2,, y,) 
is a triple point with two evanescent loops, and (#,%) is therefore a 
quadruple point with a neighbouring triple point. 


266. LINEAR AND SUPERLINEAR BRANCHES: 


If, as explained above, we apply successive quadric 
transformations so that ultimately a k-ple point A on fis 
resolved into ordinary points P, Q,...on a curve ¢, then to the 
points in the neighbourhood of one of these points P,Q,...on 
¢ correspond on f the points of a certain domain about A, 
which are then said to form a “branch ”* with A as origin. 


By means of a birational transformation of f, any branch 
is transformed into another. The principles are expressed 
in the following theorem : 


The co-ordinates (r, y) of the points of a branch can be 
expressed in series of positive integral powers of a 
parameter ¢t, which is again a rational function of those 
co-ordinates. All points of the branch will be obtained by 
using Gauss-plane (Argand’s Diagram), if ¢ is allowed to 
move within the circle of convergence of the power series. 


The principal properties of the branches are obtained by 
considering the intersections of a branch with an algebraic 
curve passing through its origin A. For simplicity, we take 
the origin of co-ordinates at A, which therefore corresponds 
to the value 0 of the parameter ¢. 


Let F(x, y)=0 be an algebraic curve through A. If in 
this equation we now put for x and y two power series with 
the argument ¢, then the exponent (>0) of the least power 
of t denotes the number of intersections of the branch with 
the curve F. 


In general, the number a of intersections of a straight 
line through A with any branch is called the order of the 


* Halphen calls it a Cycle. 
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branch. A branch is said to be linear or superlinear accord- 
ing as a=1 or >l. Lf, however, any line J through A 
meets the branch in a-+a’(a’>0) points, it is called the 
singular tangent to the branch at A. 


Taking this line for the axis of xv, the branch can be 
represented in the form : 


eaat* +..., y=a'tt te + (1) 
where a,a’,...are constants different from 0. The number 
a’ is called the class of the branch. 


The tangent at a point of the branch is reciprocal to the 
point, and the numbers a and a’ correspond reciprocally. 
a' is the number of tangents coinciding with l, which pass 
through any point of 1 (other than A), a+a’ is the 
number of tangents coinciding with / which pass through A.* 


Halphen t states these facts in the following theorem : 


If a variable line is indefinitely near the origin of a 
cycle, among the points of intersection with the curve, 
there are points indefinitely near this origin belonging to 
the cycle. The number of such points isthe order of the 
cycle, when the line makes a finite angle with the tangent. 
On the other hand, if the line does not differ from the 
tangent, this number js equal to the sum of the order and 
the class. 

From (l) y can be expressed in a series of positive 

1 1 
integral powers of z* , where in each term «* is to be 
replaced by its a values, t.e., in the form: (w*=1) 


i B, 2 \B; / : Bs 
y=a( wr? ) +0 wee } +e wet ) +... 


* Cayley gave this theorem in Quarterly Journal Vol. 7 (1866), 
p. 212, but the proof was supplied by Halphen—Comp. Rendus 
t. 78 (1874), p. 1105, and by Stolz— Math. Ann. Bd. 8 (1875), p. 415. 
Segre gave a geometrical proof—Introduzione, etc., 1°43. 


f Halphen—H’tude sur les pointa singuliers, § 7. 
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The branch is said to be quadric, etc., according as 


a=2,3,.... The expression for y has precisely a values 
1 


obtained by putting for z% each of its a values. The 
branches corresponding to these a values are termed by 
Cayley “ Partial Branches.” * 


If the branch is real, the co-efficients in (1) are real, 
and real values of ¢ correspond to real points on the branch. 
Hence it follows that there are the four following types of 


branches, according to the nature of the point A on the 
branch.t 


(1) a odd, a’ odd, A is an ordinary point, 
(2) a odd, a’ even, A is an inflexion, 
(3) a even, a’ odd, A is a cusp of the first species, 


(4) a even, a’ even, A is a cusp of the second species. 


Therefore, from general considerations of nodes and 
cusps, we obtain the following: 


A node is of the k-th species, if it has two simple points 
in its neighbourhood of the i-th order, and consequently 
it can be analysed into simple points by k quadric trans- 
formations. A cusp, on the other hand, is of the k-th species, 
if it has one simple point in its neighbourhood of the k-th 
order, and consequently it can be transformed into an 
ordinary point by k quadric transformations. Each node 
is the origin of two branches of the first order, and a cusp 
that of one branch of the second order. 


Halphen has studied the properties of cycles and their 


expansions in E’tude sur les points singuliers, Part I, 
pp. 540-557. 


* One method of finding these expansions was given by Newton— 
Analysis per equationes numero terminorum infinitas (1669). Also 
Puiseux— Liouville, t. 15 (1) (1850), p. 365, and ¢. 16 (1851), p. 228. 


+ Stolz—Math. Ann. Bd, 8 (1875), p. 433. 
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267. APPLICATION OF THE METHOD OF EXPANSIONS : 


If, instead of the x-axis, the line y=mr is a tangent, 
the expansion for a branch of order ask is obtained in the 
form : 


yome+A,( as y'+4,/ ae ey (say) 


where the origin is a k-ple point on the curve, and m==0. 


Then, ’s are all positive integers in ascending order 
of magnitude and a is the least common multiple of all the 
denominators (8; >a) and w is any one of the a roots of 
“=l. Negative exponents can, however, occur in this 
expansion, if the axis of y meets the curve at infinity, but 
we exclude that case from our discussion. 


The entire portion of the curve near the origin obtained 
by putting for w every a-th root of unity in turn is then called 
a superlinear branch of order a, having y=mzx for the 
tangent. Ihe different superlinear branches of a curve ata 
k-ple point give in all 2a=k expansions, but the individual 
branches can have different or any number of common 
tangents at the point, t.e., in the expansions of the branches, 
the co-efficients A,, A,,...may, some or all of them, be 
identical, or any two or more expansions can be identical 
up toacertain finite number of terms. In this case we 
must take the expansion until the two branches separate. 


It follows then that if a point is an ordinary point on 
the curve, only one linear branch (the curve itself) passes 
through it. If it be an ordinary k-ple point with distinct 
tangents, there pass k linear branches through the point. 
If, however, two or more tangents coincide, we have 
superlinear branches. 


The following illustration will clearly explain how expan- 
sions are useful in studying the nature of higher singu- 
larities : 
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Ex. Consider a Ramphoid cusp, 7.e., a cusp of the second species 
at the origin on a Curve. 


There is a superlinear branch of order a=2, whose expansion may 
be written as: 


+ 5 _8 
y=mo +A wta? + A,w5D? + Aiwa? + (1) 
where y=ma is the tangent, a=2 and w= +l. 
Hence the expansion (1) becomes 
6 7 
y=m® 4A, T? 4A, 9? +A,0°+A,e7% + 


If the origin is a cusp of the first species, the expansion of the 
branch (of order a=2) is— 


yemepA,o?+A,o?+A,e? (2) 


which evidently differs from (1) only by the term 3, 


268. Practicaa METHOD : 


The above expansions and other connected formule are 
proved in works on the Theory of Functions to which 
branch they properly belong. Without going further into 
the details of the theory, we shall now exhibit how these 
expansions are obtained in actual practice for determining 
the intersections of curves at higher singular points. 


Ez, 1. Find an expansion for the branch near the origin of the 
curve y— 2i— warty + 2y? =0. 


Assume y=an+tbat+ca%+da‘t+ 
Substituting this expansion for y in the given equation, we obtain 
az+be*+ca +... —8? —g? (av +ba? +c? +...) 
+2(aa+bat+ca34+...)3 =O, 
ie., ap + (b—1)ø? +(c—a +2a? ja? +(d—b + 20%b) wt + ..=0 
Eqnating the co-efficients of z, w*, a3, a7‘, to zero, we find 
a=0, b=], c=a—2a°=0, d=b—2a’b=I1, and s0 on. 
The required expansion for the branch is— 


y=areotie ,., 
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Ez. 2. Expand (y+2?)*=4y?(o?+y?) near the origin. 
Newton’s diagram gives for the first approximation y + @*=0. 
The next approximation is given by y+s*?=2y/a?+y? 
Assuming y=—2?+an°+bz*+... , we obtain— 


(aw? + bat + ...)?=4{—32 +009 +034 + ...)2 {37 + (—a? +0an3 +...)*} 


whence a?=4, 2ab=—8a, b? + 2ac=4+ 40°. 
ie., a= +2, b=—4, c=+9, etc. 
` y=—8? +20? — 4st +925 +... 


Ex. 3. Find expansions for the branches of the following curves 
near the origin : 


(i) y= By +20? + 3m0%y (ii) y= o> + øy? 
(iii) (y—@?)? =a? y3, 
269. EXPANSION OF A FUNCTION: 


Let the implicit function F(z, y) be of order n, and 
suppose that the origin is a k-ple point and that neither 
axis is a tangent to the curve, 


Let y=$,(z), y=b.(-), «. y=ds(#) 


be the expansions corresponding to the k hrear branches 
at the k-ple point. These are, in fact, the expansions for 
k of the n values of y obtained by putting :=0 in the 
equation F(z, y)=0. Besides the singular point, the curve 
intersects the y-axis in n—k other finite and distinct points, 
for each of which there is a similar expansion, having a 
constant added to it. This constant evidently represents 
the distance of the point from the origin. 
Thus, we obtain (n—k) expansions of the form— 


y=B, +B, cet B, + ... Sy, 


which is an ordinary power series, representing the implicit 
function F(x, y). 
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These series are all convergent within a certain region, 
and indeed are absolutely convergent when each term is 
replaced by its absolute value.* The product of two such 
series is also absolutely convergent,f and consequently, we 
may represent the equation of the curve as the product of 
such series : 


H(y—¢).1(y—y) = F(a, y). 


270. DISCRIMINANTAL INDEX: 


We have seen in § 82 that the first polar of any point 
passes through the points of contact of tangents drawn from 
that point to the curve and the class of a curve is deter- 
mined by the number of intersections of the curve with 
its first polar, which, however, is reduced by the existence 
of nodes and cusps (§ 121). Thus, for determining the 
effect of higher singularities on the class of a curve, we 
require to find the number of intersections of the curve with 
its first polar at such a singular point. 


Let F=0 be the equation of an n-zc of class m, and 
consider its intersections with the first polar of any point, 
(0, 1, 0) for example. If, therefore, we eliminate y (say) 
between F=0 and the equation OF/Oy=0 of the first 
polar, we obtain the resultant in the form of an equation 
©(x)=0, where @(2z) is, in general, of order x(n—1) in æ. 

Since the class of the curve is m, the equation @’e)=0 
will have m simple roots x’ corresponding to the points of 
contact of the m tangents which can be drawn from the 
poiut to the curve. Dividing the equation by these m 
factors II(e—z2’), the remaining factor @(z)/HW(c—w') is 
of degree n(n—1l)—m, and when equated to zero gives 
n(n—l)—m roots, which correspond to the intersections 
at the singular points. Thus the singular points count 


* Townsend—Functions of a complex variable. § 47, 
t Cauchy—Analyse Algebrique, Chap. VI. 


43 
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as n(n—l)—m intersections of the curve with its first 
polar, and when there are only nodes and cusps on the 
curve and their numbers are ô and x respectively, they 
count as 28+ 3x intersections (§ 121). 


The number J=n’'n—1)—m=285+4+3« is called the total 
“ Discriminantal Index ” of the singularity. 


The roots of the equation @(r)=0 give the so-called 
branch points of the function. The root with the least 
modulus gives the limit of convergence of the above series, 
which, therefore, converges absolutely up to the nearest 
branch-point, But the discriminant of F is the product 
II(y;—y,)° of the squared differences of the roots of 
F=0 reyarded as an equation in y. Therefore, within 
this convergence limit, we can consider the discriminant 
Oir) equal to the product of the squared differences of 
the series ¢ and y taken two at a time. 


271. From what has been stated above, the reduction 
in the class of a curve due to the existence of higher 
singularities can now be easily determined. 


The discriminant ©'2)=TII/¢d—w)* can be divided into 
two parts—one part, called the “variable” factor corres- 
ponding to the m proper tangents, and the other the 
“fixed” factor of order n(n—1l)—m corresponding to the 
singular point. This fixed factor therefore is the product 
Il ¢;—¢,)? of the $k(k—1) differences corresponding to 
the k partial branches through the point taken two ata 
time. The number of roots of the equation II(¢,—¢,'?=0 
is therefore equal to twice the number of intersections of 
all the partial branches with one another, each root being 
counted twice, z.e, equal to twice the number of inter- 
sections of the curve with itself at the singular point. 


But twice the number of intersections is equal to 
the discriminantal index J=26+38x. For the discriminant 
@(«c) is the result of eliminating y between F=0 and 
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OF/Oy=0. Therefore the number J is equal to twice the 
number of intersections of the curve with its first polar at 
the singular point. 


Combining the results obtained, we may state the 
following theorem* : 


The number J =28+ 3x, which represents the reduction in the 
class of a curve due to the existence of higher singularities is 
equal to twice the number of intersections of the curve with 
itself at the singular point. 


Ex. Consider the curve w5 +y5 —Ayryt y>=0, 
The origin is a triple point consisting of a cusp and two nodes and 
there is a third node. . §=8, c=], 


There are two expansions :— 
a 
y= 4207 +... and =127 +... 


Hence J=twice the number of intersections = 2:3-3=9= 26 + 3x. 


272. INTERSECTIONS of Two CURVES AT A SINGULAR Point: 


From what has been said above with regard to the 
intersections of a curve with its first polar at a singular 
point, we can easily determine them for the general case of 
any two curves, t.e., how many of their intersections coincide 
at the singular point. 


Let F, (z, y)=0 and Fv (zr, y)=0 he the equations of any 
two curves of orders n and n’, having at the origin multiple 
points of orders k and k’ respectively. 


Assuming as before, the curve F,=0O admits of n—k 
expansions of the type y and k expansions of the type ¢, 
so that 

Fn =I(y—¢) xX W(y—y) =0 (1) 


* Halphen—Bulletin de la Soc. Math de France, Vol. I, p. 133. 
Also Zeuthen—‘ Sur les singularities des courbes planes,” Math. Ann, 


Bd, 10(1878), p 213. 
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Similarly, Fr’ =0 admits of n’—k’ and k’ expansions of 
the types ¢ andy’ respectively, so that 


Fr’ =I(y—¢') x I(y—y’) =0 (2) 


If we eliminate y between (1) and (2) we obtain the 
resultant @(2), of order nn’ in g, which may be written in 
the form of the difference-product 


O(z) =1(¢—¢') x Mie—y’) x (y~) x W(w—y’) =0 


The zero roots of this equation will give the intersections 
at the origin. 


The factors II(¢—¢’) of the kk’ differences all contain 
in a certain power À as a factor; and if we proceed with all 
the differences, we obtain 


Laoso pt ok ) = constant. 


Accordingly we obtain the number of intersections of two 
curves at a singular point by adding together the different 
values of A corresponding to the kk’ partial branches each 
defined by the equation 


' 


L.-I =constant, 
g? 





t.e. it is equal to the sum of the numbers of intersections 
of one curve with the branches of the other.* 


We may state the above facts in the following theorem :— 


If y=; and y=, be the expansions of y in terms of r 
for branches of two curves passing through the singular point 
at the origin, the number of intersections of the two curves 
which covncide at the origin is equal to the index of the product 
of the lowest powers of x in all possible espressions of the 
form $,—-Y¥;. 


* Halphen—Bull. de la Soc. Math. de France t. 4 (1875), p. 59. 
Journal de Math.—Bd. 2(3) (1876), pp. 257, 371. 

See also Brill—Sitzungsberichte der math—phys. Klasse, etc., zu 
Mianchen, Vol. 18 (1888), p. 81. 
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Ev. 1. Consider a curve with a cusp at the origin, and another 
passing through the cusp and touching the first curve there. 


Here the expansions for the two curves are respectively : 


y=a0? +bo?+.., =p, ) 
3 f (1) 
y=—ae?+br?—... =o, 
y=ag? + Bos +... =, (2) 
3 a. 4, 3 . 
Then, d,—,=9?(a~aw*) +... and ¢,—, =0 (a07 —a) +... 


Hence y, meets each of p, and ġ, in 2 points, and the total 
intersections = 3 x 2=3. 


Ew. 2. Consider the intersections of a curve with its Hessian at 
a double point. 

Let F=(y—mø)(y—pø)+u, +... =O be the equation of a given 
curve, having a node at the origin. 


It has at that point the two expansions :— 
y, =mø +m, ®? +... =O, 
Ya =PO +p,” +... =Q; 


The Hessian has at this point a double point with the same tangents. 
Therefore, for the Hessian we have— 


y =mæ+a,®? +... =p, 
Yo =P +b, w+... =Y, 


whence it is easily seen that the differences ¢,—¥Y, and ġ,— y, each 
gives one intersection, while the differences ¢,—-y, and 9,—wW, gives 
each two intersections, since the branches touch. 


Thus, we get altogether 1+1+2+2=6 intersections, as was 
otherwise found in § 103. 


At a cusp, however, the curve has the expansions— 
3 3 
y, =mg? +... = 9, Yg=— mo? +...= $: 
The expansions for the Hessian are— 
3 2 
y, =ma? +.. oy, y,/=—ms?+...Sy, 


Ys =a +bz3 +... =yY, (for the ordinary branch) 
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The third branch Y, intersects the two partial branches 9, and ¢. 
in two points (each partial branch once), while the four partial 
branches ¢,, p2, Yi, Ya meet each Other in 2 points. Thus we obtain 
the total number of intersections = x 44+ 2=8. 


Ex. 3. Consider a curve with a simple cusp at the origin and 
another with a cusp of the second species, having the same tangent. 


+ 
The expansion for the curve is y=x* +... 
which is a superlinear branch of order 3, consisting of the partial 
branchea— 


you! +... =o, | 
TEP +... =, > where w#3=1 (1) 


jamala =O, J 


r3 
For the ramphoid cusp, we have y=#?+?+.., 
è 
4.€., y=" +0? +... =H, 


(2) 


Se 


+... = 
Each of tbe branches y, and ¥, meets the partial branches 9,, ¢;, >3 
in § points, 

since $.-$; =8"(a—1)+... a=1, w, œ’. 

Hence the total intersections =$ x 3 +4 x 3=8. 

Ez. 4. Consider two curves having respectively kand k’ linear 
branches through the origin, with all distinct tangents. 

In this case the product 1(¢,—y;) contains kk’ factors of the 
type az+ba?+ca°+... 

Hence the curves meet in kk’ points at the origin. If, however 
the curves have the same tangents, the product I(¢,—¥;) contains 
k(k—1) factors of the type an+bx2?+cz>... and k factors of the type 

b'o? +¢'x3,,, 
Hence the curves meet k(k—1)+2k=k(k +1) times at the origin. 


It follows, in particular, that the tangent to the superlinear branch 
of § 267 meets it in 8, points. 
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273. Expansions IN Line CO-ORDINATES: 


Just as a curve regarded asa locus of points has point 
singularities, regarded as an envelope of lines, it has 
line singularities. In order to examine this closely, we 
require to obtain an expansion in line co-ordinates of the 
branch of a curve near the singular point. 


We shall suppose that the axis of r, and not the y-axis, 
is a tangent at the origin, which is supposed to be a singular 
point. Therefore no proper fraction will appear in the 
expansion of the branch in point co-ordinates, which may be 
written in the form : 


y=a,gz ? +a,u% +... (B, >a) (1) 


where 8, denotes the number of points which the tangent 
has common with the branch at the origin. We may write 
the equation of the tangent at any point of the curve in the 
form v+-y+¢=0, which expresses the fact that the point 
(e, y, 1) lies on the line (é, 1, ). The co-ordinates of the 
tangent are given by— 


¿=Y g= (2) 


~ Ox ac” 
If the axis of x, t.e., the line y=0 is the tangent, we have 
é=0, n=l, ¢=0. 
We shall now find an expansion of ¢ in terms of ¢ in the 
form — 
By Bz 
EA EV HAET + (3) 
The least common multiple a’ of the denominators in the 
exponents of this series is called the order of the branch 
regarded as an envelope of tangents, č.e., its class, and 
denotes the number of tangents drawn to the curve from a 
point on the singular tangent and coinciding with it (exclu- 
ding the tangent to the other branch, if any). £8,’ is the 
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number of tangents passing through the singular point 
and coinciding with the singular tangent. 


From (1) we obtain 





B,—a 
ee a a 
Ox a 
g h B, 
and C=(a, ss 2 a +...)— (ava +...) 
B, 
=a, fata a+... (5) 


Eliminating æ between (4) and (5), we may obtain the 
required relation between {and $ Now, from the series (4) 


1 
1 ee 
. . i Ta B 1 — g 
we can deduce a series expressing xa in powers of € l 


and put this in (9). Thus we obtain— 


B, 
{=A É B,—-@ +... (6) 


This series must be the same as the series (3). 


Since we have taken only the first term from the 
series (4), we cannot at once say that a’=8,—a, or, that 
to a given value of £ 8,—a values of (correspond. For, 
it may happen that in (6) all terms having the least 
common denominator are absent. But in every case it is 
certain that 





I 
By = &B, , a <P, —a, and therefore, B,’ ZB,- 
a 


fa) 


pı a 


On the other hand, however, we may consider the series (1) 
deduced from (6) exactly as the series (6) was deduced 
from (1), and in that case we must have B, €2,'. 
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It follows then that B,'=B8,, o=£8,'—a’, a’=fB,—«. 
Combining all these results we may state the following 
theorem * ;:— 


The number B, of the coincident intersections of the tangent 
of a superlinear branch is equal to the number B,' of the 
tangents at the singular point which coincide with the 
singular tangent. If a and a' are the order and class respec- 
tively of the branch, then always 

a+a’'=8,=B,’. 

If there are more than one branch passing through the 
singular point, having the same tangent, the result can be 
obtained by addition of the results just established for a 
single branch. 


Ex. 1, Consider the cusp on the curve y= a5, 


_. 04 .__ 4,3 _4 
We have == Jo 3° and [= 5° 


3 
Eliminating x, we obtain (a5 tt 
a =B, —a=4—3=1 
ie. there is only a single tangent, and the cusp of the first species is 


only a poipt-singularity. 


Ew. 2. Consider the cusp of the second species. 


The expansion for the branch is of the form : 


y=? +a? +a t... (§ 266) 
5. 
Now, taking the branch y=g? +a? +27 +,,, (1) 
3 
we obtain p= — SY = —27—$2? +... (2) 
2 3 5 
C=(20? +$? +... )— (w+ +s+.. )=wtt iat... (3) 


* Zeuthen—“‘ Note sur les singularities des courbes planes ”— Math. 
Ann. Bd. 10 (1876), pp..210-220. 


44 
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Now, we shall have to eliminate x between (2) and (3), and in doing 
this we have to express 2 in terms of ¢ by the process known as 
reversion of series, 


L 3 
Let vz=a, 7 +b Etc, +... 
where a,, b,, ¢,,... are to be determined from the series (2). 


Substituting in (2) we obtain— 
= b 2_6 3 3 
¿=—2(a, +b, E+ ) E (at? +b E+... PH... 
=—2a, g —(4a,b, + $a,*)eF +... 


Equating the co-efficients on both sides, we get— 


a,?==}, and 4a,6,+4a,5=0 


whence a, = -i and b= Ss : 
ata pit See... (4) 
J/2 16 


Substituting this value in (3), we obtain - 


¢ (a! te è+.. ) +358 ae Et... S. 


aci Te irgi i e 
2/216 2 42 





where, it is seen, only negative values of ¢ gives real values of À. 


Hence, putting —é for $, we get the reciprocal expansion in the form 


(appt 
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274 PoLar RECIPROCAL OF A SUPERLINEAR Branca: * 


If, in the expansion (3) of § 273, we put z and y for 
é and ¢ respectively, we obtain the equation of the polar 
reciprocal of the branch with respect to the conic x° +2y=0 
(§ 114). Thus the polar reciprocal of the branch is— 


y=A,a% +A,2 a’ + bee 
which is again a superlinear branch of order a’, and is met 
by the tangent in 8,' points coinciding with the origin. 
Hence, we may state the theorem ; 


If the polar reciprocal of a superlinear branch of order a at 
any point O whose tangent meets it in B, points coinciding 
with O is a superlinear branch of order a’ at any other point 
O' whose tangent meets it in B,' points coinciding with O', 
then a+a’=f,’=8,. 

Again, by the properties of reciprocal singularities, the 
number of tangents drawn to a superlinear branch at O, 
coinciding with the singular tangent at O, is equal to the 
number of intersections of the reciprocal branch with its 
tangent coinciding with the singularity O’. The number of 
tangents from a point on the tangent at O coinciding with 
this tangent is equal to the number of intersections of a line 
through O' with the reciprocal branch coinciding with O'. 


Hence, from the above relations, t.e., a+-a’ =8,=B,', we 
at once deduce the following theorem : 


If a superlinear branch of order a at O meets its tangent 
in B, points coinciding with O, then B, tangents from O to the 
branch coincide with the tangent at O, and B, —a tangents to 
the branch from any point on the tangent at O coincide with 
the tangent at O. 

Since the origin is a k-ple point, the tangent y=0 meets 
the curve in k+1 points at the origin. But again there 


* Cf. Hilton—Plane Alg. Curves, Chap. VI, § 5, 
See alseo—A. B. Basset—Quart. J. of Math. Vol, 45 (1914) pp. 52-65. 
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is a superlinear branch of order a, and consequently the line 
y=0 meets the other branches in k —a points at the origin. 
Hence it meets the superlinear branch in a+ 1 points. 
. B,=atl and a=], ~p’=a+l 

or, in other words, 

The polar reciprocal of a superlinear branch of order a its, 
in general, a linear branch having (a+1)-pointic contact with 
its tangent. 


Ez. Consider the cusp of the first species at the origin with y=O 
as the tangent. 


3 3 
The expansions are y= tas? +bm? co? +... 


The expression in line co-ordinates, obtained by the method of § 273 
becomes— 
4, I6, 
(= =n E — Brae t 
whence the polar reciprocal w.r.t. 2? +2y=0 of the branch is-- 


_. 4 i 16b 

Y=- Ba?” T Blat 
which shows that it is a linear branch with an inflexion at the origin. 
Thus we have a proof of the fact that to a cusp corresponds an 
inflexional tangent on the reciprocal curve. 


wt + 


275. CuSPIDAL INDEX : 


Existence of higher singular points as well reduces the 
deficiency of a curve. To find the effect, we have to 
determine an equivalent number 6+x, which has the same 
effect on the deficiency as the singularities. We shall now 
find the value of «x : 


Consider a curve S with a superlinear branch of order a 
at any point O. Let S’ be another curve of the same order 
and class with 6 nodes and x cusps, and having a one-to-one 
relation with S. If now A and A’ are two fixed points in 
the same plane, and P, P’ two corresponding points on S and 
S’ respectively, the order and class of the locus C of the 
intersection of AP and A’P’ can be determined by the 
method of § 152. The order of C is 2n, with an n-ple point 
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at each of A and A’. To determine the class, we count the 
number of tangents which can be drawn from A or A’. 
There are 2n tangents at A or A’, and m tangents which 
are tangents to S or 8S’. Now, consider the line AO. Since 
the point O on S corresponds to a consecutive points on 
S’, AO has a-pointic contact with C at any point H. We 
have now to consider two cases: (1) the a consecutive 
points lie on a simple branch of 8’, so that all cusps of S 
correspond to only ordinary points on S. In this case C 
has a singular point at H, where AH meets it in a points, 
but A’H in only one point. Hence, by the formula of § 274, 
the number of tangents coinciding with AH is a—l, and 
consequently the class of C is 2n4+m-+a—l1. On the other 
hand, to each line through A’ and a cusp of S’ corresponds 
a tangent to C through A’, so that the class of C is 


2n-+m+x, 


Hence, k=a—l] 


(2) The a consecutive points on S’ may coincide with 
a cusp on 8’. Then the singularity Hon C is met by AH 
ina points, but by A’H in two points only, and conse- 
quently, a—2 tangents coincide with AH. Hence the 
class of C is 2n+m+a—2. Again, since a line through a 
cusp is not a tangent, counting the number of tangents 
from A’, the class of C becomes 2n+m+x—l, 


whence kzza—l. 


The number x is called the “ cuspidal index’’* of the 
singularity at O, and we have— 
The cuspidal index « of a singularity is one less than the 


order a.T 


Similarly, in the line system ıı =a'—1. 


* Smith—Proc. Lond. Math Soc., Vol, VI (1873-76) ; Ndéther calls it 
“ Verzweigung ’—Math. Ann. Bd. 9 (1876), p. 166. 


+ For a geometrical demonstration see Bertini—Lomb. Ist. Rend., 
Vol. 21 (2) (1888), pp. 326-418, and Vol, 23 (1890), p. 307. 
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276. EXTENSION OF PLÜCKER’S FORMULAE: 


The first polar of any point is an adjoint curve (§ 227) 
which has at each k-ple point on the curve a (k—1)-ple point. 
But each A-ple point A counts as 3k(k—1) intersections of 
a curve with any adjoint, where the sum extends over all of 
Nither’s component points. Therefore, for a first polar 
(adjoint) this number is to be increased by 3(a—1), where 
> extends over the orders a of the superlinear branches 
passing through A, and %(a—1) is called the “ Cuspidal 
Index,” as explained above, of the singular point. 


Hence, the class of an n-ce is given by (§ 146) 


m=n(n—1)—3k(k—1)—3(a—1) (1) 
and reciprocally, 
n=m(m—1)—3Zh'(k'—1)—3(a'—1) (2) 


where k' and a’ represent respectively the order of the 
multiple tangent and the class of the superlinear branch. 


Since a curve and its reciprocal have the same deficiency, 
we may write 


n(n—3)—Sk(k—1) =m(m—3)—SK(h—1) ... (3) 
2(p—1)=n(n—3) —2k(k—1) = 3(a—1) +m—2n 
=m(m—3) — 3kh'(k'—1) =3(a'—1) +n—2m. 


whence S(a—a’)=3(n—m) 
3(2a+40'—3)=3(n+2p—2) ? 
Y(a+2a'—3)=3(m+2p—2). ) 


where, in the last equation, the sum extends to all the 
branches for which aa’>1. 


All these investigations properly belong to the theory 
of functions, and without going further into the details, 
we shall conclude the topic by mentioning the important 
fact that Pliicker’s Formulae are applicable to curves with 
higher singularities, if we regard the singular point or 
singular tangent as equivalent to a number of nodes and 
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cusps or bitangents and inflexional tangents respectively. 
The four equivalent numbers 8,, €,, §,’, €,’;—which Zeuthen 
calls ‘‘ Principal Equivalence,” and Smith terms ô, and e, 
“ Nodal and cuspidal index”—are connected by three 
independent equations, to which the expression for deficiency 
is added, so that the four can be determined. 


Thus, for a superlinear branch (a, a’), which diminishes 
the class by J, the discriminantal index, and the order by 
J’, these numbers are determined by the equations 


«e =a—l, ¢€,’=0’—1, J=28,4+3¢,, J’=28,'+3e,' 


The four numbers are connected by the relation: 
§,—9,/=3(e, —€,')(e, te,'—1) 


Brill * has shown that each higher singularity can be 
shown as limiting cases of ordinary singularities by means 
of a series of deformation processes, which can, however, 
be effected by means of quadratic transformations as Scott t 
has shown. Prof. Basset in a number of papers, has 
determined the point and line constituents of certain 
singularities, and specially considered the resolution of 
multiple points with tacnodal branches, etc. 


For a real curve of order n and class 7’, with w 


real inflexions, ¿ real bitangents with imaginary points 
of contact, 7’ real cusps and d” real double points with 
imaginary tangents (acnode), F. Klein § established the 
relation — 

nw + 2t" =n’ +7 + 2d" 


For a curve with higher singular points, see Juel—Math. 
Ann. Bd. 61(1905) p. 77. 


* Brill—Math. Ann. Bd. 16 (1880), p. 348. 


t Scott—Am. J. of Math, Vol. 14 (1892), p. 301, & Vol. 15 (1893), 
p. 221. 


t A. B. Basset—Quart. J. Math., Vol, 37 (1906), p. 313, and Vol. 43 
(1912), p. 151. 


§ F. Klein— Math, Ann, Bd. 10 (1876), p. 199. 
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277. Curves or Criosest Contact: OSCULATING CURVES: 


The process of expansions described in this Chapter 
affords a very convenient method of studying intersections 
of curves at multiple points, whether of point-singularities 
or line-singularities, and in particular, of studying contact 
of curves at any given point. At the outset, however, we 
may state the following theorem 


When two curves have linear branches through the origin, 
and the expansions of y in terms of x for the branches are 
identical as far as the term with x", the curves hare (+1) 
porntic contact at the origin. 


For in this case the difference y, —y, =¢,—yY, (§ 272) 
contains 2**} as a factor, which shows that the curves 
intersect (r+1) times at the origin, ʻe., they have (r+1) 
pointic contact at the origin. 


The same process applies to the general case of any 
point on acurve, the point being taken as the origin of 
co-ordinates. 


We may use this theorem for finding curves having 
closest contact with a given curve possible for a curve of 
that order. 


Let the given curve be an n-7c, and we require to find 
an m-ic having at the origin the closest possible contact 
with the given curve. 


Now, since the m-ic is determined by }m(m+3) points, 
only 1m(m+3) points can be assumed on the n-zc and the 
m-vc is completely determined. Hence, the m-ze of closest 
possible contact can have at the most 3m(m+3)}-pointic 
contact with the given curve. If, however, the m-ic is 
subjected to satisfy other conditions, the order of contact 
will be reduced. 


Thus, a circle can have only three-pointic contact, a 
parabola can have four-pointic contact, and a general conic 
can have five-pointic contact, and so on. 
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DEFINITION: Curves having closest possible contact with 
a given curve at a given point on the latter is called the 
osculating curve at that point. Thus, the circle of curvature 
at any point is the osculating circle, etc. 


Es. 1. Find the osculating conic at the origin of the curve 
y=2 +2? —20° 


Let y=mat Av? +2Hry+ By? be the required conic, and 


assume y=ae+bar+cas+.., 
ag +b? +eco? t ., =m32 + Aa? +2Ha(as +bæ? +... ) 
+ B(aw + be’ + y? 
Equating the co-efficients of #, æ?, #°, eto., and comparing the values 
of a, b, c, .... with the equation of the curve, we obtain— 
a=m=]l, b= A +2aH + Ba'=A+2H+B=1 


c=2b( H +aB)=2(H + B)=—2 and H+B=~-—1 
d=2cH + Bb? +2acB= —4H +B—4B=0, ie., 3B +4H=0 
A=-—l, B=—4 and H=8 


whence the equation of the osculating conic is— 
y= gp — g’? +6ay—4y? 
If, however, the conic is to be a parabola, AB=H*, whence 


À =4, H= —2 and B=1. 


and the equation of the osculating parabola is— 


y =æ + 4n°—4ry+y?=2+(2n—y)*. 


Eo. 2. Find the conics of closest contact at the origin of the curve 
2? + y? = 3aoy, 


Here, the two branches of the curve have the axes of co-ordinates 


as tangents, and there will be two osculating conics for the two 
branches. 


Consider the branch with y=0 as tangent, and let its expansion be 
y=a'at +b’a? +... 
Sobstituting in the equation of the curve, we have— 
z? + (aat tbs .. )3 = Ban(a’z*+d’o* +... ) 
whence, equating the co-efficients, we have 3aa’=1, b’=0, 


45 


etc, 
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The branch is y=27/3a+... Writing the equation of the 
osculating conic in the form y=Axv?+2Hay+By?, and proceeding as 
in Es. 1, the expansion for the conic becomes— 


y= Ax? +2HAv? + (2H?’A + A?B)s* +... 


Hence, comparing the terms with those of the branch of the curve 
wo have A= 1/8a, H=B=0 
3.6., the osculating conic is y=@°/3a or S8ay=2?. 


Similarly, for the other branch, the osculating conic is 3as=y?., 
Ea. 3. Find the conic of closest contact at the origin of the curve 
as + By? +y2=0 


Eo. 4. The equation of an n-ic with a tangent of n-pointic 
contact and a superlinear branch may be put in the form 


zey” æg" 
278. Cownics with Four-porntic CONTACT: 


The locus of centres of all conics having a four-point 
contact with a curve at a given point is a straight line 
through the point. 


Taking the given point as origin, the equation of the 
curve may be written as— 


y=art+br* +er® +dr*+... 


The equation of a conic through the origin having the 
same tangent may be written as— 


y =ar + Az? +2Hry+ By* 
The expansion for this is found to be— 
y=ar+(A+2aH + Ba’)z’ 
+2, H+aB)(A+2cH + Ba*)z* +... 


Since the conic has four-pointic contact, the co-efficients 
of «, 27, 2° must be identical in the equations of the curve 
and the conic. 


A+2aH+Ba!=b and 2(H+aB)(A+2aH + Ba*)=c, 
whence, H+aB=c/26, A+aH=b—ac/2b. 
But the centre of the conic is given by— 
2Az-+2Hy+a=0, 2H «+ 2By—1=0 
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whence a(A+aH)+y(H+aB)=0, i.e.. (2b*—ac)r+cy=0, 
which is the locus of the centres, and is called the “ axis 


of aberrancy.”’ 


279. Transon’s THEORY OF ABERRANCY : * 


From what has been said in Chap. IX with regard to 
the approximate forms of a curve inthe neighbourhood of a 
point, it is clear that the form is, in general, defined by the 
circle of closest contact, t.e., the circle of curvature. Bat 
the form may be further defined by means of the osculating 
conic. 


Let the normal at a given point O on the curve meet 
at P the infinitesimal chord AB drawn parallel to the 
tangent at O. Then the arcs OA, OB, as also the lines PA, 
PB, regarded as small magnitudes of the first order, differ 
by magnitudes of the second order and may, therefore, 
be regarded as equal, t.e., if N is the middle point of AB, 
then NP is a small quantity of the second order. 
Similarly, OP is also of the second order. The angle 


NOP=tan™! pi is consequently a finite angle, t.e., the line 


ON is inclined to the normal OP ata finite angle. In the 
case of a circle, ON and OP coincide, and therefore the 
deviation from the circular form is measured by this angle, 
which is called aberrancy,t and the line ON is called the 
“ axis of aberrancy.” 


We are then led to the following definition : 


The measure of deviation of a curve at a given point of 
it from the circular form is a finite angle, and is called 
“ aberrancy,” and the line which forms this angle with the 
normal is the axis of aberrancy. 


* Transon—Recherohes sur la courbure des lignes et des surfaces, 
Liouville, ¢. VI (1841), pp. 191-207 
+ Transon uses the term “ deviation,” but the term “aberrancy ” 


is generally preferred. 
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When this is a conic, in particular, the axis of aberrancy 
is the diameter through the point and the aberrancy is the 
inclination of this diameter to the normal. 


If at a given point of a curve a conic is drawn having 
four-pointic contact with it, it is clearly seen that the curve 
and the conic have the same axis of aberrancy, and conse- 
quently, the centres of all such conics lie on the axis of 
aberrancy, as has been directly shown in the preceding article. 


The point where the axis of aberrancy at a given point 
of a curve meets the axis of aberrancy at a consecutive 
point is called the “ centre of aberrancy ;’’ consequently, the 
centre of aberrancy of a curve at a given point is the centre 
C of the conic having five-pointic contact with the curve 
at the given point O, z.e., the centre of the osculating conic.* 
The length OC is called the radius of aberrancy. 


280. ANGLE OF ABERRANCY : 


We shall conclude the discussion by referring to only 
one other important fact in this connection, namely, that the 
angle of aberrancy ô at any point of a curve is given by 
the formula tł 


where p, q,r are the first, second and third differential 
co-efficients of y in regard to wr. 


* The investigations of these properties properly belong to the 
differential geometry, and there is no sufficient scope for them in the 
present work. But in view of the interesting nature of such investiga- 
tions, it has been considered desirable to refer to some most important 
points. For further details, the student is required to consult Transon’s 
paper — Liouville Journal VI. (1841), pp. 191-207, and the several papers 
of A. Mukhopadhyay, Journal of the Asiatic Society of Bengal, 
Vol. 57, Part II (1888), and Vol. 59, Part II (1890). 

t For a second proof of the formala, see the paper by A. Makho- 


padbyay, Differential Equation of a “ parabola”, J. A. S. of Bengal, 
Vol. 67, Part II, p. 319. 
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Taking the origin at the given point on the curve, the 


equation of a conic passing through the origin may be 
written as— 


y=mæ+ a:r? + 2hzy + by? (1) 


If y be expanded in powers of <, by Maclaurin’s Theorem, 
we have— 


3 3 
y=pi +q zıt ryt.. 


where p, q,r ... are respectively the values at the origin of 


Oy Oy Oy 


Oe e? Jes 


Since the conic has a contact of the third order, the 
values of p, q, r are the same for the conic and for the curve. 


Substituting in the equation of the conic, we have 
Taea ae =ms+az* +2hħe(pr+ g+ ...) 
pitas ey nee =Mr+an (pr ID see 


g? 
Equating the co-efficients, we obtain— 


mM=p, a+2hp+bp*= 4 , hg +bpg= 


r 
2! 3! 


whence, h+bp=e and (a+hp)+p(h+bp)= 3 


hp _{ 3g? 
e. hp=4—2" a CtP Hj s — Ja . (2 
ie a+thp=5 ee ie Se | P (2) 


Now, the centre of the conic (1) is given by— 
2axz +2hy+m=0 
2hr +2by—1=0 
The line joining the origin to the centre is— 


a(a+mh) +y(h+bm)=0 (3) 
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If è be the angle which it makes with the normal 
my + c(=0, t.e., if ô be the aberrancy, we have 


281. ABERRANCY CURVE: 


Derinition: The locus of the centres of osculating 
conics at points of a given curve is called the aberrancy 
curve. 


Taking the tangent and normal at any point of a given 
curve as axes of co-ordinates, the co-ordinates of the centre 
of aberrancy may be expressed as— 


X=Rsin6, Y=Kcos 4 
where R is the radius of aberrancy, and ô is the angle of 


aberrancy. 


, we obtain 


8 
But, from the relation tan ô = p _(L a )r 


apq? —r(l1+p°) 
VIE {r + (rp—3q")?}* 
3q’ 
/1+p' {r? + (rp—3q')? k 


X= 3q{3pq?—r(1+p*)} 
V1+p? (3qs—5r*) 


sind = 


cos 6 = 


3 
voa ana Y a a 
V1+p?(3gs—5r?) 


where s is the fourth differential co-efficient of y witb 
regard to z. 
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If, however, instead of taking the tangent and normal 
as axes of co-ordinates, we take the axes such that the 
axis of a makes an angle 6 with the tangent, we have 





tan 6 Saints OY ns 
Oz 
_ l 
sin 0 = — ; cos 6 = 
J/1+p? V1+p? 


and the new co-ordinates (a, 8) of the centre of aberrancy 
are given by the two expressions— 

—3gqr 

gs—or? 


a=X cos 6+Y sin o=, 


B=—X sin 6+ Y cos ĝ= ater 2) 
dys — r? 


Therefore, when the origin is taken anywhere, the 
co-ordinates of the centre of aberrancy at any given point 
(x,y) of the curve are given in the most genera) form by 
the formulae » 


* A. Mukhopadhyay calculated these formulae—J. A. S. B., Vol. 57 
(1888), Part 1I p. 324, and deduced from thema number of very 
interesting results, which led to the remarkable geometrical interpreta- 
tion of Monge’s differential equation to all conics, namely, 

9g°t— 45qrs + 40r? =0 
which he denoted by T=0. It will be interesting to recall in this 
connection the remarks of Dr. Boole with regard to the geometrical 
interpretation of Monge’s equation (Differential Equations, p. 20)— 
“ But here our powers of geometrical interpretation fail, and results 
such as this can scarcely be otherwise useful than as a registry of 
integrable forms.” Since then two attempts had been made—one by 
Lt.-Col. Cunningham, B.E., and the other by Prof. Sylvester—to supply 
a true geometric interpretation to the Mongian, but Mukhopadhyay 
pointed ont the futility of both these interpretations, and gave 
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Ezr. 1. Find the sberrancy curve for the cubic 
y=a03 +3ba?+3cen+d 


[The aberrancy curve is y=Aa?+3Bza? + 3Ca + D. 


—b? 

where A=—ka, B=—kb, C=—he+(1+k)=— 
’d—b? 125 
D= —kd+(1+k)” — ea 
a San 64 


t.e, the aberrancy curve is then a cubic of the same class. 


At the common points of the curves, we have (av +b)3=0, which 
shows that the two curves have only one common point of intersection 
which is a point of inflexion on both.—A. Mukhopadhyay, Journal of 
the Asiatic Society of Bengal, Vol. 59, Part II (1890), pp. 61-63. ] 


Eo, 2. If pand pp’ are the radii of curvature of a conic and its 
evolute, show that the aberrancy in the conic is given by tan @¢=1 '/p 
(cf. Mukhopadhyay, J. A. S. B., Vol. 57, Part II (1888), pp. 317-319). 


Ex. 3. The envelope of the axes of all conics having a four-pointic 
contact with a curve ata given point is a parabola having the axis of 
aberrancy for directrix. 


Es. 4. Find the co-ordinates of the centre and the radius of 
aberrancy for the cubic y=2* at the point (1, 1). 
[The centre of aberrancy is the point ($, —8), and the radius is 81,2,, 


i.e., the length joining the centre of aberrancy to the point (1, 1).] 


Ee, 5. Prove that the aberraney curve for the curve y3=2? ig 
32y2=50? (Math. Tripos, 1891), 


Ex. 6. Show that the centre of aberrancy of the curve y=" at 


the point («, y) is— ortl a nt 
point («, y) ( on—1” Zg” 


ee 


the following true geometrical interpretation of the Mongian— 
“The radius of curvature of the Aberrancy Curve vanishes at every 
point of every conic.’— J, A. 8. B., Vol. 58 (1889), Part I. 


CHAPTER XIV 
SYSTEMS OF CURVES. 


282. A PENCIL OF n-ics: 


Let $ and y be two curves of order n. The equation 
¢+X~=0 represents ® singly infinite system of curves of 
order n for different values of A. Through any point there 
passes one and only one curve of the system. If one con- 
dition is imposed upon the system, it will represent only 
a finite number of such curves. Thus, the curves of the 
system having a double point satisfy the equations— 


pı +A, =0,  $,+A¥,=0, $,+A¥,=0 (1) 


where the suffixes indicate differentiation with regard to 
xz, y and z respectively. 


If x, y, z be eliminated from the equations (1), the 
eliminant is of order 3(n—1)* in A, and gives as many 
values, corresponding to which there are 3(n—1)? curves 
in the pencil possessing double points. This number will 
be reduced, if $ and 4 touch.* 


But 3(n—1)*=n*+4p—1. Hence, in a peneil of n-tce 
passing through n? base-points, the number of curves with 
double points is n*+-4p—1, where p is the deficiency, and 
in general, for any pencil with o base-points, the number 
is o+4y—1.F 

If, however, be eliminated between the same equations, 
we obtain the locus of double points on the system, and 
these double points are found to have the same polar 
lines w.r.t. all curves of the pencil. Thus we obtain the 
following theorem :— 


* Cremona—Finleitung in die Theorie ebener Kurven. 


+ Cremona—Ann. di mat., Vol. 6(1) (1864), p. 153, and Guccia— 
Rend. Cir. Math., Vol. 9(1) (1894). 


46 
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In a pencil of netics, there are 3(n—1)* curves with double 
points, and these double points have the same polar lines with 
respect to all curves of the system. 


Ez. 1. In a pencil of conics there are three line-pairs, and the pairs 
intersect in the vertices of a common seif-polar triangle. 


Ez. 2. In a penoil of cubics through nine points, there are 
twelve ourves with double points. The double points have the same 
polar lines w.r.t. all curves of the pencil, and are oalled the critic centres 
of the system of ocubics. 


Ea. 3. The locus of inflexions of a pencil of n-ics is a 6(n—1)-ic. 
(For the eliminant of ¢+AW and its Hessian is of order 6(n—1)]. 


Es. 4. The k-th polar curves of any point w.r.t, a pencil of n-tes 
form a pencil of (n—k)-tes. 


Ez. 5. The locus of the poles of a given line w.r.t. all curves of a 
pencil of n-ics is a 2(n—1)-tc, passing through the points of contact 
of those curves of the pencil which touch the line. 


283, Consider the two curves ¢ and y of orders m and n 
respectively. 


The polar line of any point (z’,y’,z') with respect to 
the two curves are respectively 


rp,'+yp,' +2p,'=0 
Aa a 
If these represent the same line, we must have— 
iG i Tied AU 2 
i.e. ¢,'¥,'—¢,'¥,'=0 
bss — ps Ys =0 (2) 
$s Yi — p: Ya =0 


The common roots of these equations will give the points 
which have the same polar lines with respect to the curves 
$ andy. The first two equations have (m+n-—-2)* common 
roots, but they do not all satisfy the third equation. 


soe (1) 
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Again, the (m—l1)(n—1) common roots of ġ,'=0 and 
Y,'=0 satisfy the first two equations but not the third. 
Hence these roots are to be rejected and the remaining 
(m+n—2)*—(m—I1 (n—1) roots satisfy all the three 
equations, t.e., the three equations (2) have— 
(m+n—2)*—(m—1) (n—I), 
or, (m—1)?+(m—1) (n—1)+(n—1)* 

common roots.* 
Hence, we obtain the theorem : 

There are (m—1)*+(m—1)(n—1)+(n—1)* points in a 
plane which have the same polar line with respect to two curves 
of orders m and n respectively. 


Ee. 1. The envelope of the asymptotes of the pencil of n-ica 
S+kS’=0 is of class 2n—1. 


Eo, 2. If two curves S and 8’ have an r-ple point, that point is also 
an r-ple point on the carve S +4S'’=0, where ọ and y are any two 
curves. 

284. CURVES WHICH TOUCH A Given CURVE : 


We shall now investigate the number of curves of the 
pencil ¢+AY=0 of n-ics which touch a given m-tc. 


If (2, y’, 2’) be a point of contact, the tangent to the 
curve must be the same as the tangent to the curve of the 
pencil. Hence, we must have— 


i : f : fs =, HAY,’ : p HAY,’ : fp, +A,’ 
whence p: +y,’ +pf ;'=0 (cl, 2, 3) (1) 
where p is any indeterminate multiplier. 


Eliminating A, p, we obtain the locus of (2’, y’, z') in the 
form of a determinant equation J=0, of order 2n+m—3. 


Hence, the points of contact (2’, y’, z’) are the intersections 
of the curve J=0 with f=0, and consequently, their number 


# Salmon—Higher Algebra, §257. 
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is m(2n+m—3). Thus, in a pencil of n-ics there are 
m(2n-+m—3) curves which will touch a given curve of 
order m. 

If, however, f has ô nodes and «x cusps, J behaves as the 
first polar of f at those points, and the number of inter- 
sections is reduced by 25+3«, i.e., m(2n+m—3)—25—3« 
curves of a pencil of n-7cs touch a given m-tc with ò nodes 
and «cusps. If p be the deficiency of f, the number becomes 


2(mn+p—1)—x«. 


285. PARTICULAR CASES: 


Putting m=1, we see that 2(n—1) curves of the pencil 
of n-ics touch a line. Again, if n=2, we obtain two conics 
of the pencil touching a line. 


Putting n=1, it follows that there are m(m—1) lines 
in a pencil which touch a given non-singular m-ic, 7.e., the 
class of a non-singular m-ic is m(m—1), and that of an 
m-tc with ô nodes and «x cusps is— 


m(m—1)—25—3x. (§. 121). 
Potting n=2, we obtain m(m-+1) conics of a pencil 
which touch a given m-ic. When again m=2, six conics 
of a pencil touch a given conic. 


Ea. 1. Deduce Ex. 5 § 282 from the present article. 


Eø. 2. Find the number of circles passing through two given 
points and touching a given curve. 


286. Tact-INvARIANT OF Two CurRVES: 


DEFINITION: The condition that two curves should touch 
is called their tact-znvariant. 


If we eliminate z’, y',z' and p between the equations 
(1) of § 284, ¢’+Ay’=0 and f'=0, we obtain the condition 
that the pencil @+Ay should touch f=0 in the form 
@(A)=0, which contains À in the m(2u+m—3)th degree, 
and gives the number of curves of the pencil touching f, 
the value of A giving the parameters of the curves. The 
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co-efficients of @ and wW each occur in the same degree 
m(2n-+m—3) and those of f in the degree n/2m+n—3) 
in the equation ®(A)=0. Hence, we may consider only the 
co-efficients of œ. and obtain the theorem : 


The tact-invariant of two curves ġ and f, of orders n and m 
respectively, is of degree m(2n+m—3) in the co-efficients of 
hand of degree n(2m+n—3) in those of f. 


287, GENERATION OF A CURVE: 


The method of generating conics by means of homo- 
graphic pencils of lines has been generalised and applied 
to the case of general n-ics, and has actually been applied 
in generating curves of lower orders.* 


Let u+rAv=0 and d+pny=0 (1) 


be two pencils of curves of orders m and n respectively. 
If the two pencils are so related that to one curve of one 
system corresponds one and only one curve of the other, 
and vice versa. then the parameters are connected by the 
relation— 

Ad\p+ BA+Cyu+D=0 (2) 


The locus of the intersections of corresponding curves 
is then a curve of order (m+n), whose equation is obtained 
by eliminating A and u between ‘1) and (2). IfA=p, the 
locus is represented by the equation wh=vd, which evidently 
passes through all the base-points of the two pencils. 


If P and Q be two base-points of the two pencils 
respectively, the tangents at these points form two homo- 
graphic pencils of rays, and there is a projective relation 
between the pencils of tangents and the pencils of curves. 


The locus obtained is the most general curve of order 
(m+n), and the question whether all algebraic curves can 


* Chasles has studied the case of curves of the third order— 
Comp. Rendus, t. 41 (1853). The general case was studied by De 
Jonquiéres—Essai sur la generation des courbes géométrique (Memoires 
présentés par divers savants à l’Académie des sciences. )—t. 16 (1858), 
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be generated in this manner has been solved by De Jon- 
quiéres. In fact, for all curves two sets of points may 
always be determined which may be used as the base-points 
of two projective pencils for the generation of the curve. 


288. Tus JacoBian or THREE Corves: 


Consider the three curves u=0, v=0, and w=0 of 
orders l, m, n respectively. 


Then the curve represented by— 
J= |u, 0, w, | =0 (1) 
U, v Wy 
Us, Us Ws 
te, J= Olu, v, w) =0 is called the Jacobian of the three 
O(s, Y, ¢) 
curves u, V, W. 
The curve J is evidently of order 1+m+n—3, and since 


u, =u, =u, =0, etc., satisfy the equation, the Jacobian J 
passes through the double points on the three curves. 

Again, the Jacobian is the locus of poles whose polar 
lines with respect to the three curves meet in one point, or 
the locus of points in which the three first polars of a point 
intersect. 

If three curves u, v, w have a common point, the 
Jacobian passes through the same point, For, in the deter- 
minant (1), multiplying the first column by z, the second 
by y and the third by z, and adding, we may express this, 
by Euler’s theorem, as— 


Je= |lu u, u, | =0 (2) 
MY Vy V, 
nw w, w, 


which proves the property. 
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In general, if a point is a q-ple point on u, 7-ple point on 
v and s-ple point on w, that point is a multiple point of 
order not less than (q+r+8—2) on the Jacobian.* 


Again, the Jacobian passes through the points of contact 
of the pencil w+Av=0, and the curve w=0, as has already 
been shown in the particular case, when l=m (§ 284). 


Writing the determinant (2) in the form— 
J.cmlu.d, +mr.p, +nw.d;, 


where ¢,, ¢,, $, are the corresponding co-factors, and 
differentiating w.r.t. x, we obtain— 


oS +=, +mv,o,+nw, 9, 


OP, Od ad, 
+ lu = Ba ++ mv Be te S 


When uw=v=w=J—0, and l=m, we have— 
z È =u h, +v, +w, p) +(n—l)w, b, 


=lJ+(n—l) wip, =(n—l) w,9,. 


Similarly, oF =(2— lide and « © =(n—I)w,¢, 
ð py Ê 12) 
whence, (= ge TY aT 5; J 
on (a'w, Hyw, t'w) 


which shows that J and w have the same tangent at the 
point (x, y, z). 

It can be further proved that the Jacobian passes 
through the node on w, and has a node at a cusp on w. 


* Cremona—Introdnzioni, etc., §93. Also Guccia—Rendiconti 
Circolo Mat. di Palermo, Vol. 7 (1893), p. 193. 
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289. Net or CURVES: 


If u, v, w are any three curves of order n, the doubly 
infinite system of curves Au-+pv+vw=0 is called a “net” 
of curves of order n. Certain properties of the net are at 
once evident. Any curve of the net is uniquely deter- 
mined by two points, and consequently, all curves 
through any point form a pencil; for, substituting the 
co-ordinates of the point in the equation of the net, we may 
eliminate one of the parameters y/A, v/A. Hence, the 
system of n-rcs through jnin+3)—2 fixed points forms a net, 
and the equation of an n-tc passing through $n(n+3)—2 
points can be put into the above form. 


290. Tue Jacopian oF A Net or CURVES: 


The co-ordinates of the double points of any curve of 
the net Au+-po+vw=0 satisfy the three equations— 


Au, + pv, Frw, =0 
Au, + pv, trw, =0 
Au, Huv, trw, =0 
Eliminating À, p, v between them, the locus of the double 
points of the system is the Jacobian — 
J= ju, v» w| =0 
U, v, W, 


which is a curve of order 3(n—1). Hence we obtain the 
theorem : 


The locus of double points of a net of curves of order n, 
passing through 4n(n+3)—2 fired points is a curve of order 
3(n—1). 

Since a common point of u, v, w is a double point on the 
Jacobian, the 3n(n+3)—2 fixed base-poiuts of the net are 
double points on the Jacobian. 
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Ex. 1. The nodes of all nodal cubics through seven given points 
ie on w sextic curve having those seven points as double points. 
Ea. 2. If the curves of a net have an r-ple point, that point is a 


(3r—1)-ple point on the Jacobian. 


Ea. 3, Shew that the Jacobian is the locus of the nodes of the 
family Avw + pwu + yuv=0. 


291. Net or First POLARS: 


The first polar of any point (2’, y’, z') with regard to any 
curve ¢=0 is zp, +y'b, +26, =0 
which is a curve of order n—1. If now a’, y’, z' are regarded 
as parameters, this represents a net, whose base curves are 

?,=0, ¢,=0, $¢,=0. 

The Jacobian of this net is, therefore, the Hessian of the 
original curve ¢=0. Thus the Hessiun of a curve is the 
Jacobian of the net of first polars. 

Each r-gle point on ¢ is an (r—1)-ple point on the first 
polars, and this again is a multiple point of order 3(r—1)—1, 
i.e 3r—4 on the Jacobian, z.e., the Hessian of @ (§ 105). 
Since r tangents of the Hessian coincide with those of the 
original curve, the point counts as r(3r—4)+r=s8r(r—1) 
intersections. Hence, at each r-ple point coincide 37(r—1) 
inflexions of the curve, and it is equivalent to 4r(r—1) 
double points. 


The locus of points, whose first polars with regard to the 
curves of the net of order n have a common point, is a 
curve S of order 3(n—1)?, and is called the Steinerian of 
the net. 


The Jacobian and the Steinerian have a (l, 1) corres- 
pondence, and the line joining corresponding points on the 
two curves envelope a curve of class 3n(n—1), which is 
called the Cayleyan of the net.* 


* For covariant curves of a net, see E. Kotter--Math. Ann. Bd. 
34 (1889), p. 123, and Scott—Quarterly Journal, Vol. 29 (1898), p. 329, 
and Vol. 32 (1900), p. 209. 
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More generally, ¿f two curves of orders n andn’ have a 
one-to-one relation, the lines joining the corresponding points 
envelope a curve of class n+n’. 


This theorem can be easily proved by means of Chasles’ 
correspondence principles after the method of §250. 


Ex. 1. Show tbat the Jacobian of a net of circles is a circle 
belonging to the net of orthogonal circles. 


Ex. 2. The Jacobian of a vet of conics, having a common self. 
polar triangle, reduces to the three sides of the triangle. 


Ex. 3. If three conics touch at a common point, the Jacobian 
reduces to the common tangent and a conic. If they have a three. 
pointic contact, the Jacobian is the common tangent taken thrice, 
while in the case of a four-pointic contact, the Jacobian vanishes 


identically. 


292, INVARIANTS AND COVARIANTS OF TWO TERNARY Forms: 
Consider the n-zc o(z, y, 2)=0 (1) 
and the line le-+my+nz=0 (2) 


The polar conic of a point P(æ', y’, 2’) with respect to 


- ða 3 4,0 y 
the n-tc is (2 S +Y y +2 ) o=0 
ien, S!ma'e* +b'y? +029 + 2f'yz+2q'2r +2h'ry=—0 (3) 


where a’, b’, c’,...represent the second differential co-efficients 
w.7T.t. a, y', z’ 


The condition that (2) touches (3) gives an equation 
of order 2(n—2) in (2', y’, 2’), whence we obtain :— 


The locus ef points whose polar conics touch a given line is 
a 2(n—2)-tc, which is again enveloped by the polar conic of 
any point on the line. 

Similarly, the condition that the polar cubic of P touches 
the line gives an equation of order 4(n—3), and conse- 
quently, the locus of P is a 4(n—3)-7e, 
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Again, if Ss=axz?+by*?+cz*+... =0 ... (4) 
be a given conic, there are two mixed invariants * of (3) 
and (4), namely © and @’, of orders (n—2Z) and (2n—4) 
respectively in (%’, y’, 2’). 

But ©'=0 expresses the fact that a triangle inscribed 


in § is self-conjugate w.r.t. the polar conic 8’,* or, that the 
triangle circumscribed to S’ is self-polar w.r.t. S. 


Hence, the locus of a point whose polar conic is inscribed in 
a triangle self-polar w.r.t. to a given conic, or whose polar 
conic has a self-polar triangle inscribed in a given conic ts a 
X(n —2)-ze. 

Similarly, ®©=0 expresses the fact that an inscribed 
triangle of S’ is self-polar w.r.t. S, or the triangle circum- 
scribed about S’ is self-polar w.r.t. to S. 


Thus, the locus of a point, whose polar conic is inscribed 
in or circumscribed about a triangle self-polar for a given 
conic is an (n—1)-?e. 

The condition of contact of (3) and (4) gives an equation 
of order 6 (n—2) in (2’, y’, 2’), whence the locus of points 
whose polar conics touch a given conic ts a curve of order 
6(n —2). 

Again, if S’ breaks up into two right lines, 0’=0 
expresses the fact that the intersection of the lines lies on 
S, 7 while the locus of (2’, y’, z’) is the Hessian. Thus the 
locus of points whose polar conics break up into two lines 
intersecting on a given conic isa 2(n—2)-z2¢. 

Es. t. Shew that there are 6(n—-2)? points on the Hessian whose 
polar conics are right lines intersecting on a given conic. 


Ez. 2. There are 3(n—2)? points on the Hessian whose polar 
conics are conjugate lines for a given conic. 


Ez. 3. There are 6(n—2)3 points on the Hessian whose polar 
conics touch a given conic. 


* Salmon, Conics, Chap. XVIII, p. 334 
t Salmon, Conics, § 375, p. 340. 
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993. CHARACTERISTICS OF A SYSTEM OF CURVES: 


A singly infinite system of curves may be algebraically 
represented by means of an algebraic equation whose 
co-efficients are functions, not necessarily rational, of a 
parameter, or if irrational, they may be expressed ration- 
ally in terms of two parameters connected by an algebraic 
equation. as is shown in the theory of functions. De 
Jonquiéres* considered the properties of a system of curves 
of order n satisfying in(x+3)—I conditions, 7.e., one less 
than the number sufficient to determine an n-rc, and the 
family of curves thus represented is characterised by the 
number of curves which pass through an arbitrary point, 
and if the parameter enters the equation in degree p, ut 
gives the number of such curves of the family and is called 
its characteristic. Chasles,t however, uses two charac- 
teristics, namely, the number p of curves of the family 
which pass through an arbitrary point, and the dual number 
v of curves which touch an arbitrary line, which in fact, is 
the degree in which the parameter enters the line-equation 
¢ of the system. Since dis of degree 2(n—I1) in the co- 
efficients of the point-equation f, we have v=2p(n—1). 


Cayley calls u and v the parametric order and class 
respectively of the family. 


Ex, 1. Find the characteristics of a pencil of n-ics. Since only 
one curve passes through any point, p= 1 and v=2u(n—1) =2n—2. 


Eo. 2. What are the characteristics of a family of conics touching 
` two given lines at given points? {1, 1] 


Ev. 3. Shew that the characteristics of the polar reciprocal of a 
family of curves whose characteristics are (u, v) are (v, p). 


* De Jonquiéres— Liouville Journal, t. 6(2) (1861), p. 113. 


t Cayley has shown that the converse is not always true—Phil. 
Trans. Lond., Vol. 158 (1868), or Coll. Works, Vol. 6, p. 191. 


t Chasles—Papers in Comp. Rend., Vols, 58 and 59 (1864-67). The 
theory of characteristics is due to Chasles, and was afterwards 
developed by Jonquières, Cayley, Salmon, Zeuthen, etc. 
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9294, RELATION BETWEEN THE CHARACTERISTICS : 


Let P, Q,...be the points in which a curve of the family 
(u, v) of order n meets a given line. Since p curves of the 
family pass through P, each meeting the line in n—I1 other 
points, to each point P correspond p(n—1) points Q, and 
similarly, to each point Q correspond p(n—1) points P. 
There is then a {(yn(n—1), pín—l)} correspondence on the 
line, and the united points of the correspondence, 2p(n—1) 
in number, are the points of contact of the curves of the 
family with the line, 

i.e. y=2p(n—1). 

But a curve of the series may be a complex containing 
a portion counted twice. Hence, for proper contact the 
number of united points arising from such curves must 
then be deducted from 2u4(n—1). In the case of conics, 
if the number of coincident right lines in the system be À, 
since n=2, v=2p(2—-1)—A=2p—d. 

Reciprocally, if w be the number of point-pairs in a range 
of conics, p=2v—~w, 

In particular, a system of conics satisfying four conditions 
contains 2v—y line-pairs and 2u—y point-pairs, and 
Zeuthen’s * investigations are based upon these facts, and 
he takes A,w as the characteristics of the system of conics 
instead of p, v, it being easier, in most cases, to ascertain 
the number of conics of a given system which reduce to 
line-pairs or point-pairs, than the number which pass 
through any arbitrary point or touch any given line. 

Thus pai(2A4+w) and v=1(20+A) 

The relation between Chasles’ numbers p, v and 
Zeuthen’s numbers A, w can be clearly seen by considering 
the conditions satisfied by a system of conics through four 
given points, or through three given points and touching a 
line, and so on. 


* Zeuthen—Comp. Rend., Vo). 89 (1879), p. 899, etc. 
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The values of m, v, A, wœ, corresponding to the different cases 
of a system of conics, are found as in the scheme: 


NT iaaa | aiaa | a aĖŮĖ—ŘŘŮ 


eel 


“Wi e o 


For further information and details with regard to charac- 
teristics of curves satisfying given conditions, the reader is 
referred to the papers of Cayley above referred to, and to 
Clebsch--Leçons sur la Geometrie, Vol. II, pp. 113-129, 
Brill—Matb. Ann. Bd. 10 (1876), p. 534, and Halphen— 
Liouville Journal, Vol. 2 (3) (1876). 


Ew. 1. The locus of the poles of a given line w.r.t. the family 
(x, v) is a v-ic, and the envelope of the polars of a given point w.r.t. 
the curves of the system is a curve of class xz. 


Ez. 2. Shew that the locus of a point whose polar w.r.t. a fixed 
curve of order n’ and class m’ coincides with its polar with respect to 
some curve of a family (u. v) is a curve of order » + u(m' —1). 


To determine the order of the curve, we consider its intersection 
with aline. Consider two points P and Q on the line such that the 
polar of P w.r.t. the fixed curve coincides with that of Q w.r.t. some 
curve of the family. 


If P and Q coincide, we have tbe condition of the problem satisfied. 
Suppose P is fixed. Then the locas of the poles of its polar w.r.t, 
the curves of the family is of order y, and hence corresponding to 
any position of P there are v positions of Q. Again, suppose Q is fixed. 
Then its polars w.r.t. the curves of the family envelope a curve of 
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class u; and since the polars of points on the line w.r.t. the given 
curve envelope a curve of class n’—1, there are yu(n’—1) common 
tangents to the two envelopes and each corresponds to a position of 
P. Thus, there is a {y, u(n’—1)} correspondence on the line, and 
there are v + yu(n’—1) united points. Hence the order of the required 
locus is y+pu(n’—1). 

Ee. 3. Find the number of curves of a family (u, ») which touch 
a given curve of order 7’ and class m’, 


[The locus in Ex. 2 meets the fixed curve in n’{y+p(n’—1)} or 
n'y+m'p» points, each of which is a point of contact of the fixed curve 
with a curve of the family. Hence the required number is m'p + n'v.) 


Ee, 4. Shew that the locus of the points of contact of two curves 
of the families (u,,»,) (#3, va) is a curve of order 


Milo thay, thks 


Ez. 5. Find the characteristice of cubica with a given ousp, inflexion, 
tangent and its point of contact. 
[The equation of the carves of the family may be written as 


z(y +an)* =avy? + 2a2n?y. 


Hence, the characteristics are (2, 3).] 

Ez. 6. Shew that the characteristics of cubics with nine given 
inflexions are (1, 4). 

Ez, 7. The characteristics of quartics with three given nodes, 
and drawn through four given points are (1, 6). 


295. THE CHARACTERISTICS OF CONDITIONS: 


The number of curves of a system which satisfy any 
other condition will, in general, be of the form pa+vf, 
where a, 8 are independent of p, v and are called the 
characteristics of the condition. 


This was given by Chasles in the case of conics, but the 
general theorem was proved by Clebsch* and Halphent 
and applied to higher curves. If a curve be determined 
by a sufficient number of conditions of any kind, and the 


* Clebseh— Math, Ann., Vol. 6 (1873), p. 1. 


t Halpen—Bull. Soc. Math de France, Vol. mire pp. 130-141, 
and Proc. Lond. Math. Soc. Vol. 9 (1878). 
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characteristics for each condition be given, we can determine 
the number of curves satisfying the prescribed condition. 


Consider the case of a system of conics. The number 
of conics determined by five given points, by four points and 
a tangent, by three points and two tangents, etc., is 
determined symbolically as follows : 


(2), CD), GMD, CID. CHID AID 


Consequently, the characteristics of the systems determined 
by four points, three points and a tangent, etc., are— 


CD (oD, GID, CHD, VID 


1,2 2, 4 4, 4 4, 2 2,1 


The number of conics satisfying the conditions whose 
characteristics are a, 8 and also passing through four points, 
three points and touching a line, etc., are— 


a+26, 2a+48, 404+48, 424268, 20+ 8 


These numbers, in fact, are not independent, but are 
connected by three relations.* 


We may, however, establish the following more general 
theorem : 


In a system (p, v) of curves, there are n'v+m'p curves which 
touch a given curve Cn’ of order n' and class m. 

Suppose the given curve On’ consists of a pencil of n’ 
right lines passing through any point P, which is, therefore, 
to be regarded as an m’-ple point. 


* Salmon,H. P. Curves, § 413. 
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Now, the required curves of the system are :— 


(1) those which touch any of the n’ lines, giving n'v 
curves, 


(2) all curves through P, each being counted m’ times, 
since P is to be regarded as an m’-ple point. This gives 
m'u Curves. 


Hence, the total number of curves of the family 


ouching an n’-tc of class m’ is n'v+m'y, as was otherwise 
found in Ex. 3, §294, 


For a detailed account of the theory, the student is 
referred to the original papers quoted above, and to Cayley’s 
Paper—‘“‘ On the curves which satisfy given conditions ”— 
Coll. Works, Vol. 6, pp. 200-207. 


Ex. 1. Find the number of conics in the above five cases, which 
touch a given conic, which is of order 2 and class 2. 


From §285, we have a+28=6, and by the principle of duality, 


2a+8=6, whence a=2=8, and the number of conics in the five 
different cases are 6, 12, 16, 12, 6. 


Es. 2. The locus of the points of contact of tangents drawn from 
a fixed point to a system (u, ») is a curve of order u +», having a 
u-ple point at the fixed point. 

Es. 3. Deduce the results of § 291 from the formula ny+my, by 
patting y=1, »=23(n—1). In the case of a conic the number becomes 
2(u +v). 
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